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1
COMPOUNDS THAT MODULATE
NEGATIVE-SENSE, SINGLE-STRANDED RNA
VIRUS REPLICATION AND USES THEREOF

This application is a national stage application of Interna-
tional Application No. PCT/US2009/001474, filed Mar. 6,
2009, which claims the benefit of U.S. Provisional Applica-
tion No. 61/034,459, filed Mar. 6, 2008, each of which is
incorporated herein by reference in its entirety.

This invention was made with government support under
Grant Nos. AI057158, A1074539 and HHSN266200700010C
awarded by the National Institutes of Health. The government
has certain rights in the invention.

1. INTRODUCTION

The present invention relates to compounds that modulate
the replication of negative-sense, single-stranded RNA
viruses, such as influenza virus, and the use of such com-
pounds. The invention relates to methods for increasing the
titer of negative-sense, single-stranded RNA viruses, such as
influenza virus, in substrates for virus propagation (e.g., tis-
sue culture). The invention also relates to the use of com-
pounds that decrease virus replication as antiviral agents. The
invention further relates to methods for identifying com-
pounds that modulate the replication of negative-sense,
single-stranded RNA viruses, in particular, influenza virus.

2. BACKGROUND

Influenza viruses are enveloped RNA viruses that belong to
the family of Orthomyxoviridae (Palese and Shaw, 2007).
Influenza A and B viruses are considered to be major human
pathogens and in a normal season they can cause between 3-5
million cases of severe illness and up to 500,000 deaths
worldwide (World Health Organization, 2003). Influenza A
viruses can also cause pandemics such as those that occurred
in 1918, 1957 and 1968. These outbreaks resulted in high
mortality rates because of the lack of pre-existing immunity
against the new virus strain. Since the emergence of the
highly pathogenic avian HSN1 influenza virus in the late
1990s (Claas et al., 1998), there have been concerns that it
may be the next pandemic virus, which has sparked renewed
interest in the development of anti-influenza virus drugs.

Currently there are only four U.S. Food and Drug Admin-
istration (FDA)-approved drugs available for the treatment
and prevention of influenza. The adamantanes (amantadine
and rimantadine) block the M2 ion channel of the virus and
prevent the release of the viral genome into the host cell (Pinto
and Lamb, 1995; Wharton et al., 1994). These drugs are
effective if used prophylactically and if administered within
48 hours of infection but are not effective against influenza B
viruses. However, the development of widespread resistance
has precluded the use of adamantanes in recent influenza
seasons (Bright et al., 2006) and isolates of the H5N1 influ-
enza virus have been shown to be resistant to these drugs due
to mutations in M2 (Cheung et al., 2006).

The preferred treatment for influenza virus infection is now
the use of the neuraminidase inhibitors, oseltamivir and zan-
amivir (Garman and Layer, 2004). By targeting the
neuraminidase, these compounds prevent the release of the
virus from the infected cell and halt the spread of the virus. As
part of its pandemic preparedness plan, the World Health
Organization (WHO) has advised that supplies of the
neuraminidase inhibitors be stockpiled, but it is always
advantageous to have at least two antiviral drugs (aimed at
different targets) available due to the possible emergence of
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resistant virus strains. In fact the 2007-2008 influenza season
in the Northern hemisphere has shown a marked increase in
the number of HIN1 isolates that are resistant to oseltamivir
(World Health Organization, 2008) and concerns have also
been raised regarding oseltamivir-resistant HSN1 influenza
viruses isolated from patients in Southeast Asia (Le et al.,
2005).

Vaccination is one means of preventing infection or at least
minimizing the severity of disease. Based on knowledge of
the current circulating influenza virus strains, the WHO
makes an annual decision as to which virus strains should be
included in the influenza vaccine for the following season.
Manufacturers therefore have a relatively short time period in
which to generate new vaccine stocks and this, combined with
the increase in demand from the population, sometimes leads
to shortages. Vaccine viruses are currently grown in embryo-
nated chicken eggs which generally support high levels of
virus growth; however the use of eggs has certain limitations.
Vaccine production cannot easily be scaled up at short notice,
as would be required during a pandemic, due to the reliance
on a continuous supply of embryonated eggs. Furthermore, if
the pandemic virus is of avian origin it may be lethal in eggs,
as occurred during the preparation of an HSN1 vaccine can-
didate (Takada et al., 1999). An avian virus would likely also
affect the poultry industry and the egg supply may dry up
completely. In an effort to avoid these problems, vaccine
manufacturers are now establishing tissue culture systems for
the growth of influenza virus vaccines (Oxford et al., 2005;
Romanova et al., 2004; Tree et al., 2001). The major disad-
vantage is that wild type human influenza virus strains often
do not show optimal growth properties in this culture system,
resulting in lower vaccine yields.

Thus, there is an urgent need for the development of new
antiviral drugs and also for the improvement of tissue culture-
based vaccine production, in preparation for future influenza
epidemics or pandemics.

3. SUMMARY

The present invention relates to compounds that modulate
the replication of negative-sense, single-stranded RNA
viruses, methods for identifying such compounds, and the use
of'such compounds. Compounds that enhance the replication
of'a negative-sense, single-stranded RNA virus have utility in
the propagation of the virus. In particular, compounds that
enhance the replication of a negative-sense, single-stranded
RNA virus (e.g., an attenuated negative-sense, single-
stranded RNA virus) have utility in the manufacture of vac-
cines. Compounds that reduce the replication of a negative-
sense, single-stranded RNA virus have utility as antivirals.

The present invention is based, in part, on Applicants’
discovery that a sodium channel opener, an inhibitor of a
sodium/potassium/ATPase pump (“Na*/K*/ATPase pump”)
and a PKC inhibitor each reduce the replication of influenza
virus, a negative-sense, single-stranded RNA virus. The
present invention is also based, in part, on Applicants’ dis-
covery that sodium channel inhibitors, calcium channel
inhibitors and protein kinase C (PKC) activators enhance the
replication of an influenza virus, a negative-sense, single-
stranded RNA virus.

The present invention provides methods for inhibiting or
reducing the replication of a negative-sense, single-stranded
RNA virus, comprising contacting a cell infected with a nega-
tive-sense, single-stranded RNA virus with an inhibitor of
virus replication in an amount sufficient to inhibit or reduce
the replication of the virus. In one embodiment, a method for
inhibiting or reducing the replication of a negative-sense,
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single-stranded RNA virus comprises: (a) infecting a cell
with a negative-sense, single-stranded RNA virus; and (b)
contacting the cell with an inhibitor of virus replication in an
amount sufficient to inhibit or reduce replication of the virus.
The present invention also provides methods for inhibiting or
reducing negative-sense, single-stranded RNA virus replica-
tion, comprising: (a) contacting a cell with an inhibitor of
virus replication in an amount sufficient to inhibit or reduce
replication of a negative-sense, single-stranded RNA virus;
and (b) infecting the cell with the negative-sense, single-
stranded RNA virus. In certain embodiments, the inhibitor is
a PKC inhibitor. In certain embodiments, the PKC inhibitor is
rottlerin. In certain embodiments, the PKC inhibitor is not
bisindolylmaleimide I, 1-(5-inoquinolinesulphonyl)-2-meth-
ylpiperazine dihydrochloride (H7), staurosporine, calphostin
C or G66976. In certain embodiments, the inhibitor is a
sodium channel opener. In certain embodiments, the sodium
channel opener is SDZ-201106. In certain embodiments, the
inhibitor is a Na*/K*/ATPase pump inhibitor. In certain
embodiments, the Na*/K*/ATPase pump inhibitor is ouabain,
lanatoside C, digoxin or strophanthidin. In yet other embodi-
ments, the inhibitor is a calcium channel opener, such as
K8644 (£) or FPL-64176. In yet other embodiments, the
inhibitor is a compound of formula A3-G (see Section 5.1.1
below), including, but not limited to, 2-(5-(2,3-dimethyl-1H-
indol-5-y1)-1,3,4-oxadiazol-2-ylthio)-1-(pyrrolidin-1-yl)
ethanone (“A3”); 2-(5-(2,3-dimethyl-1H-indol-5-y1)-1,3,4-
oxadiazol-2-ylthio)-N,N-diethylacetamide (“A3-2”); 2-(5-
(2,3-dimethyl-1H-indol-5-y1)-1,3,4-oxadiazol-2-ylthio)-1-
(indolin-1-yl)ethanone (“A3-3”); 2-(5-(2,3-dimethyl-1H-
indol-5-y1)-1,3,4-oxadiazol-2-ylthio)-N,N-
diisopropylacetamide  (“A3-4”); 2-(5-(2,3-dimethyl-1H-
indol-5-y1)-1,3,4-oxadiazol-2-ylthio)-1-
morpholinoethanone (“A3-5”); or 1-(azepan-1-y1)-2-(5-(2,3-
dimethyl-1H-indol-5-y1)-1,3,4-oxadiazol-2-ylthio)ethanone
(“A3-6"). In certain specific embodiments, the inhibitor is a
compound with the formula A3. In other embodiments, the
inhibitor is a compound with the formula A3-2, A3-3, A3-4,
A3-5 or A3-6. In other embodiments, the inhibitor is 4-(4-
bromophenyl)-N-methyl-N-(tetrahydro-1,1-dioxido-3-thie-
nyl)-2-thiazolamine (“A35”); N-methyl-4-(4-nitrophenyl)-
N-(phenylmethyl)-2-thiazolamine  (“A35-17);  4-[[4-(4-
chlorophenyl)-1,3-thiazol-2-yl|(methyl)amino]phenol
(“A35-4”); or 4-(4-chlorophenyl)-N,N-dimethylthiazol-2-
amine (“A35-5”). In certain specific embodiments, the inhibi-
tor is a compound with the formula A35. In yet other embodi-
ments, the inhibitor is 9-(benzo[d][1,3]diox0l-5-y1)-4-
hydroxy-6,7-dimethoxynaphtho[2,3-c]furan-1(3H)-one
(“C2”). In certain embodiments, the negative-sense, single-
stranded RNA virus is an influenza virus. In certain embodi-
ments, the negative-sense, single-stranded RNA virus is
Newcastle Disease Virus (NDV). In certain embodiments, the
negative-sense, single-stranded RNA virus is vesicular sto-
matitis virus (VSV).

In one embodiment, the present invention provides a
method of inhibiting replication of a negative-sense, single-
stranded RNA virus, comprising contacting a first composi-
tion comprising a cell(s) and a PKC inhibitor with a second
composition comprising a negative-sense, single-stranded
RNA virus. In another embodiment, the invention provides a
method of inhibiting replication of a negative-sense, single-
stranded RNA virus, comprising contacting a first composi-
tion comprising a cell(s) infected with a negative-sense,
single-stranded RNA virus with a second composition com-
prising a PKC inhibitor. In certain embodiments, the PKC
inhibitor is rottlerin. In certain embodiments, the PKC inhibi-
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tor is not bisindolylmaleimide 1, 1-(5-inoquinolinesulpho-
nyl)-2-methylpiperazine dihydrochloride (H7), staurospo-
rine, calphostin C or G66976.

In one embodiment, the present invention provides a
method of inhibiting replication of a negative-sense, single-
stranded RNA virus, comprising contacting a first composi-
tion comprising a cell(s) and a Na*/K*/ATPase pump inhibi-
tor with a second composition comprising a negative-sense,
single-stranded RNA virus. In another embodiment, the
invention provides a method of inhibiting replication of a
negative-sense, single-stranded RNA virus, comprising con-
tacting a first composition comprising a cell(s) infected with
a negative-sense, single-stranded RNA virus with a second
composition comprising a Na*/K*/ATPase pump inhibitor. In
certain embodiments, the Na*/K*/ATPase pump inhibitor is
ouabain, lanatoside C, digoxin or strophanthidin.

In one embodiment, the present invention provides a
method of inhibiting replication of a negative-sense, single-
stranded RNA virus, comprising contacting a first composi-
tion comprising a cell(s) and a sodium channel opener with a
second composition comprising a negative-sense, single-
stranded RNA virus. In another embodiment, the invention
provides a method of inhibiting replication of a negative-
sense, single-stranded RNA virus, comprising contacting a
first composition comprising a cell(s) infected with a nega-
tive-sense, single-stranded RNA virus with a second compo-
sition comprising a sodium channel opener. In certain
embodiments, the sodium channel opener is SDZ-201106.

In one embodiment, the present invention provides a
method of inhibiting replication of a negative-sense, single-
stranded RNA virus, comprising contacting a first composi-
tion comprising a cell(s) and a calcium channel opener with a
second composition comprising a negative-sense, single-
stranded RNA virus. In another embodiment, the invention
provides a method of inhibiting replication of a negative-
sense, single-stranded RNA virus, comprising contacting a
first composition comprising a cell(s) infected with a nega-
tive-sense, single-stranded RNA virus with a second compo-
sition comprising a calcium channel opener. In certain
embodiments, the calcium channel opener is K8644 (x) or
FPL-64176.

In one embodiment, the present invention provides a
method of inhibiting replication of a negative-sense, single-
stranded RNA virus, comprising contacting a first composi-
tion comprising a cell(s) and one of the following com-
pounds: a compound of the formula A3-G, including a
compound with the formula A3, A3-2, A3-3, A3-4, A3-5 or
A3-6; a compound with the formula A35, A35-1, A35-4, or
A35-5; or a compound with the formula C2 with a second
composition comprising a negative-sense, single-stranded
RNA virus. In another embodiment, the invention provides a
method of inhibiting replication of a negative-sense, single-
stranded RNA virus, comprising contacting a first composi-
tion comprising a cell(s) infected with a negative-sense,
single-stranded RNA virus with a second composition com-
prising one of the following compounds: a compound with
the formula A3-G, including a compound with the formula
A3, A3-2, A3-3, A3-4, A3-5 or A3-6; a compound with the
formula A35, A35-1, A35-4, A35-5; or a compound with the
formula C2. In certain embodiments, the inhibitor is not a
compound with the formula C2. In certain embodiments, the
negative-sense, single-stranded RNA virus is an influenza
virus.

In one embodiment, the invention provides a method of
inhibiting replication of a negative-sense, single-stranded
RNA virus in a subject, comprising administering to a subject
in need thereof an effective amount of a PKC inhibitor. In
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certain embodiments, the PKC inhibitor is not bisindolylma-
leimide I, 1-(5-inoquinolinesulphonyl)-2-methylpiperazine
dihydrochloride (H7), staurosporine, calphostin C or
G66976. In another embodiment, the invention provides a
method of inhibiting replication of a negative-sense, single-
stranded RNA virus in a subject, comprising administering to
a subject in need thereof an effective amount of a sodium
channel opener. In another embodiment, the invention pro-
vides a method of inhibiting replication of a negative-sense,
single-stranded RNA virus in a subject, comprising adminis-
tering to a subject in need thereof an effective amount of a
Na+/K+/ATPase pump inhibitor. In another embodiment, the
invention provides a method of inhibiting replication of a
negative-sense, single-stranded RNA virus in a subject, com-
prising administering to a subject in need thereof an effective
amount of a calcium channel opener. In some embodiments,
the subject is a human. In some embodiments, the negative-
sense, single-stranded RNA virus is influenza virus. In spe-
cific embodiments, the negative-sense, single-stranded RNA
virus is vesicular stomatitis virus (VSV) or Newcastle disease
virus (NDV).

In some embodiments, the invention provides methods of
inhibiting replication of a negative-sense, single-stranded
RNA virus in a subject, comprising administering to a subject
in need thereof an effective amount of rottlerin, ouabain,
lanatoside C, digoxin, strophanthidin or SDZ-201106. In
other embodiments, the invention provides methods of inhib-
iting replication of a negative-sense, single-stranded RNA
virus in a subject, comprising administering to a subject in
need thereof an effective amount of K8644 (+) or FPL-64176.
In specific embodiments, the subject is a human.

In certain embodiments, the invention provides methods of
inhibiting replication of a negative-sense, single-stranded
RNA virus in a subject, comprising administering to a subject
in need thereof an effective amount of rottlerin, ouabain,
lanatoside C, digoxin, strophanthidin or SDZ-201106. In
other embodiments, the invention provides methods of inhib-
iting replication of a negative-sense, single-stranded RNA
virus in a subject, comprising administering to a subject in
need thereof an effective amount of K8644 (+) or FPL-64176.
In other embodiments, the invention provides methods of
inhibiting replication of a negative-sense, single-stranded
RNA virus in a subject, comprising administering to a subject
in need thereof an effective amount of one of the following
compounds: a compound with the formula A3-G, such as a
compound with the formula A3, A3-2, A3-3, A3-4, A3-5, or
A3-6; a compound with the formula A35, A35-1, A35-4,
A35-5; or a compound with the formula C2. In certain
embodiments, the inhibitor is not a compound with the for-
mula C2. In certain embodiments, the negative-sense, single-
stranded RNA virus is an influenza virus. In specific embodi-
ments, the subject is a human.

The present invention provides methods for preventing,
treating and/or managing a negative-sense, single-stranded
RNA virus infection in a subject, comprising administering to
a subject in need thereof an effective amount of an inhibitor of
virus replication. The present invention also provides meth-
ods for preventing, treating and/or managing a negative-
sense, single-stranded RNA virus infection in a subject, com-
prising administering to a subject in need thereof an effective
amount of an inhibitor of virus replication and one or more
other therapies. In certain embodiments, the inhibitor is a
sodium channel opener, such as SDZ-201106. In other
embodiments, the inhibitor is a sodium/potassium/ATPase
pump inhibitor, such as ouabain, lanatoside C, and digoxin. In
other embodiments, the inhibitor is a calcium channel opener,
such as K8644 (z) or FPL-64176. In other embodiments, the
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inhibitor is one of the following compounds: a compound
with the formula A3-G, such as a compound with the formula
A3, A3-2, A3-3, A3-4, A3-5, or A3-6. In certain specific
embodiments, the inhibitor is a compound with the formula
A3. In other embodiments, the inhibitor is a compound with
the formula A3-2, A3-3, A3-4, A3-5, or A3-6. In other
embodiments, the inhibitor is a compound with the formula
A35, A35-1, A35-4, or A35-5. In specific embodiments, the
inhibitor is a compound with the formula A35. In other
embodiments, the inhibitor is a compound with the formula
C2. In certain other embodiments, the inhibitor is not a com-
pound with the formula C2.

In certain embodiments, the invention provides a method
of preventing, treating and/or managing a negative-sense,
single-stranded RNA virus infection in a subject, comprising
administering to a subject in need thereof an effective amount
of a protein kinase C (PKC) inhibitor. In certain embodi-
ments, the PKC inhibitor is not bisindolylmaleimide I, 1-(5-
inoquinolinesulphonyl)-2-methylpiperazine dihydrochloride
(H7), staurosporine, calphostin C or G66976. In certain
embodiments, the invention provides a method of preventing,
treating and/or managing a negative-sense, single-stranded
RNA virus infection in a subject, comprising administering to
a subject in need thereof an effective amount of a sodium
channel opener. In certain embodiments, the invention pro-
vides a method of preventing, treating and/or managing a
negative-sense, single-stranded RNA virus infection in a sub-
ject, comprising administering to a subject in need thereof an
effective amount of a calcium channel opener. In certain
embodiments, the invention provides a method of preventing,
treating and/or managing a negative-sense, single-stranded
RNA virus infection in a subject, comprising administering to
a subject in need thereof an effective amount of a Na+/K+/
ATPase pump inhibitor. In certain embodiments, the subject
is a human. In certain embodiments, the negative-sense,
single-stranded RNA virus is influenza virus. In certain
embodiments, the negative-sense, single-stranded RNA virus
is VSV or NDV.

In certain embodiments, the invention provides a method
of preventing, treating and/or managing a negative-sense,
single-stranded RNA virus infection in a subject, comprising
administering to a subject in need thereof an effective amount
of a compound with the formula A3-G, including, but not
limited to, 2-(5-(2,3-dimethyl-1H-indol-5-y1)-1,3,4-oxadia-
zol-2-ylthio)-1-(pyrrolidin-1-yl)ethanone (“A3”); 2-(5-(2,3-
dimethyl-1H-indol-5-y1)-1,3,4-oxadiazol-2-ylthio)-N,N-di-
ethylacetamide (“A3-2”); 2-(5-(2,3-dimethyl-1H-indol-5-
yD)-1,3,4-oxadiazol-2-ylthio)-1-(indolin-1-yl)ethanone
(“A3-3”); 2-(5-(2,3-dimethyl-1H-indol-5-y1)-1,3,4-oxadia-
zol-2-ylthio)-N,N-diisopropylacetamide (“A3-4"); 2-(5-(2,
3-dimethyl-1H-indol-5-y1)-1,3,4-oxadiazol-2-ylthio)-1-
morpholinoethanone (“A3-5"); or 1-(azepan-1-y1)-2-(5-(2,3-
dimethyl-1H-indol-5-y1)-1,3 ,4-oxadiazol-2-ylthio)ethanone
(“A3-6"). In certain embodiments, the inhibitor is a com-
pound with the formula A3. In other embodiments, the inhibi-
tor is a compound with the formula A3-2, A3-3, A3-4, A3-5,
or A3-6.

In certain embodiments, the invention provides a method
of preventing, treating and/or managing a negative-sense,
single-stranded RNA virus infection in a subject, comprising
administering to a subject in need thereof an effective amount
of 4-(4-bromophenyl)-N-methyl-N-(tetrahydro-1,1-dioxido-
3-thienyl)-2-thiazolamine (“A35”); N-methyl-4-(4-nitrophe-
nyl)-N-(phenylmethyl)-2-thiazolamine (“A35-1"); 4-[[4-(4-
chlorophenyl)-1,3-thiazol-2-yl|(methyl)amino]phenol
(“A35-4”); or 4-(4-chlorophenyl)-N,N-dimethylthiazol-2-
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amine (“A35-5”). In certain specific embodiments, the inhibi-
tor is a compound with the formula A35.

In certain embodiments, the invention provides a method
of preventing, treating and/or managing a negative-sense,
single-stranded RNA virus infection in a subject, comprising
administering to a subject in need thereof an effective amount
of  9-(benzo[d][1,3]dioxol-5-y])-4-hydroxy-6,7-dimethox-
ynaphtho|2,3-c|furan-1(3H)-one (“C2”). In certain embodi-
ments, the inhibitor of the invention is not a compound with
the formula C2.

In certain of the above embodiments, the negative-sense,
single-stranded RNA virus is influenza virus. In certain
embodiments, the negative-sense, single-stranded RNA virus
is VSV or NDV. In certain embodiments, the negative-sense,
single-stranded RNA virus is not VSV.

In certain embodiments, the invention provides a method
of preventing, treating and/or managing a negative-sense,
single-stranded RNA virus infection in a subject, comprising
administering to a subject in need thereof an effective amount
of rottlerin, ouabain, lanatoside C, digoxin, strophanthidin or
SDZ-201106. In other embodiments, the invention provides
methods of preventing, treating and/or managing a negative-
sense, single-stranded RNA virus in a subject, comprising
administering to a subject in need thereof an effective amount
of K8644 (z) or FPL-64176. In certain embodiments, the
subject is a human. In certain embodiments, the negative-
sense, single-stranded RNA virus is influenza virus.

The present invention provides methods for enhancing the
replication of a negative-sense, single-stranded RNA virus in
a substrate for propagating virus, comprising contacting a
substrate infected with a negative-sense, single-stranded
RNA virus with an enhancer of virus replication. In one
embodiment, the invention provides a method for enhancing
replication of a negative-sense, single-stranded RNA virus in
a substrate, comprising contacting a PKC activator with a
substrate infected with a negative-sense, single-stranded
RNA virus, wherein the substrate permits replication of the
negative-sense, single-stranded RNA virus. In certain
embodiments, the PKC activator is phorbol 12-myristate
13-acetate (PMA) or mezerein. In one embodiment, the
invention provides a method for enhancing replication of a
negative-sense, single-stranded RNA virus in a substrate,
comprising contacting a sodium channel inhibitor with a sub-
strate infected with a negative-sense, single-stranded RNA
virus, wherein the substrate permits replication of the nega-
tive-sense, single-stranded RNA virus. In certain embodi-
ments, the sodium channel inhibitor is phenamil, 2',4'-dichlo-
robenzamil or 3',4'-dichlorobenzamil. In one embodiment,
the invention provides a method for enhancing replication of
a negative-sense, single-stranded RNA virus in a substrate,
comprising contacting a calcium channel inhibitor with a
substrate infected with a negative-sense, single-stranded
RNA virus, wherein the substrate permits replication of the
negative-sense, single-stranded RNA virus. In certain
embodiments, the calcium channel inhibitor is Amiloride-
.HCI1 or 2'4'-Dichlorobenzamil. HCl. In certain embodi-
ments, the substrate is a cell or cell line, such as, for example,
an avian cell, chicken cell, Vero cell, MDCK cell, human
respiratory epithelial cell (e.g., A549 cells), calfkidney cell or
mink lung cell. In certain embodiments, the substrate is an
embryonated egg. In certain embodiments, the negative-
sense, single-stranded RNA virus is influenza virus. In other
embodiments, the negative-sense, single-stranded RNA virus
is VSV or NDV.

The present invention also provides methods for enhancing
the replication of a negative-sense, single-stranded RNA
virus in a substrate for propagating virus, comprising: (i)
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contacting a substrate that permits replication of the negative-
sense, single-stranded RNA virus with an enhancer of virus
replication; and (ii) infecting the substrate with the negative-
sense, single-stranded RNA virus. In one embodiment, the
invention provides a method for enhancing replication of a
negative-sense, single-stranded RNA virus in a substrate,
comprising: (i) contacting a substrate that permits replication
of'the negative-sense, single-stranded RNA virus with a PKC
activator; and (ii) infecting the substrate with the negative-
sense, single-stranded RNA virus. In certain embodiments,
the PKC activator is phorbol 12-myristate 13-acetate (PMA)
or mezerein. In one embodiment, the invention provides a
method for enhancing replication of a negative-sense, single-
stranded RNA virus in a substrate, comprising: (i) contacting
a substrate that permits replication of the negative-sense,
single-stranded RNA virus with a sodium channel inhibitor;
and (i1) infecting the substrate with the negative-sense, single-
stranded RNA virus. In certain embodiments, the sodium
channel inhibitor is phenamil, 2',4'-dichlorobenzamil or 3',4'-
dichlorobenzamil. In one embodiment, the invention pro-
vides a method for enhancing replication of a negative-sense,
single-stranded RNA virus in a substrate, comprising: (i)
contacting a substrate that permits replication of the negative-
sense, single-stranded RNA virus with a calcium channel
inhibitor; and (ii) infecting the substrate with the negative-
sense, single-stranded RNA virus. In certain embodiments,
the calcium channel inhibitor is Amiloride. HCI or 2'4'-
Dichlorobenzamil. HCl. In certain embodiments, the sub-
strate is a cell or cell line, such as, for example, an avian cell,
chicken cell, Vero cell, MDCK cell, human respiratory epi-
thelial cell (e.g., A549 cells), calf kidney cell or mink lung
cell. In certain embodiments, the substrate is an embryonated
egg. In certain embodiments, the negative-sense, single-
stranded RNA virus is influenza virus. In other embodiments,
the negative-sense, single-stranded RNA virus is VSV or
NDV.

The present invention provides methods for enhancing the
production of a negative-sense, single-stranded RNA virus
for use in a vaccine formulation comprising contacting a
substrate infected with a negative-sense, single-stranded
RNA virus with an enhancer of virus replication. The present
invention also provides a method for enhancing the produc-
tion of a negative-sense, single-stranded RNA virus for use in
avaccine formulation, comprising contacting a substrate that
permits replication of a negative-sense, single-stranded RNA
virus with an enhancer of virus replication, and infecting the
substrate with the negative-sense, single-stranded RNA virus.
In a specific embodiment, the invention provides a method for
enhancing the production of an influenza virus for use in a
vaccine formulation, comprising contacting an enhancer of
virus replication with a substrate infected with the virus. In
another embodiment, the invention provides a method for
enhancing the production of an influenza virus for use in a
vaccine formulation, comprising contacting an enhancer of
virus replication with a substrate that permits replication of
the virus, and infecting the substrate with the virus.

The present invention provides methods for the manufac-
ture of a negative-sense, single-stranded RNA virus vaccine,
comprising contacting an enhancer of viral replication with a
substrate infected with the virus under conditions that permit
the replication of the virus, and purifying the virus. The
present invention also provides methods for the manufacture
of'a negative-sense, single-stranded RNA virus vaccine, com-
prising contacting an enhancer of virus replication with a
substrate that permits the replication of the virus, infecting the
substrate with the virus, and purifying the virus.
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In one embodiment, the invention provides a method for
manufacture of a negative-sense, single-stranded RNA virus
vaccine, comprising: (i) contacting a PKC activator with a
substrate infected with a negative-sense, single-stranded
RNA virus under conditions that permit the negative-sense,
single-stranded RNA virus to replicate; and (ii) purifying the
negative-sense, single-stranded RNA virus. In another
embodiment, the invention provides a method for manufac-
ture of a negative-sense, single-stranded RNA virus vaccine,
comprising: (i) contacting a sodium channel inhibitor with a
substrate infected with a negative-sense, single-stranded
RNA virus under conditions that permit the negative-sense,
single-stranded RNA virus to replicate; and (ii) purifying the
negative-sense, single-stranded RNA virus. In another
embodiment, the invention provides a method for manufac-
ture of a negative-sense, single-stranded RNA virus vaccine,
comprising: (1) contacting a calcium channel inhibitor with a
substrate infected with a negative-sense, single-stranded
RNA virus under conditions that permit the negative-sense,
single-stranded RNA virus to replicate; and (ii) purifying the
negative-sense, single-stranded RNA virus. In certain
embodiments, the negative-sense, single-stranded RNA virus
is influenza, NDV or VSV.

In another embodiment, the invention provides a method
for manufacture of a negative-sense, single-stranded RNA
virus vaccine, comprising: (i) contacting a PKC activator with
a substrate that permits replication of the negative-sense,
single-stranded RNA virus; (ii) infecting the substrate with
the negative-sense, single-stranded RNA virus; and (iii) puri-
fying the negative-sense, single-stranded RNA virus. In
another embodiment, the invention provides a method for
manufacture of a negative-sense, single-stranded RNA virus
vaccine, comprising: (i) contacting a sodium channel inhibi-
tor with a substrate that permits replication of the negative-
sense, single-stranded RNA virus; (ii) infecting the substrate
with the negative-sense, single-stranded RNA virus; and (iii)
puritying the negative-sense, single-stranded RNA virus. In
another embodiment, the invention provides a method for
manufacture of a negative-sense, single-stranded RNA virus
vaccine, comprising: (i) contacting a calcium channel inhibi-
tor with a substrate that permits replication of the negative-
sense, single-stranded RNA virus; (ii) infecting the substrate
with the negative-sense, single-stranded RNA virus; and (iii)
puritying the negative-sense, single-stranded RNA virus. In
certain embodiments of the invention, the negative-sense,
single-stranded RNA virus is influenza virus, VSV or NDV. In
another embodiment, the invention provides a method for
manufacture of an influenza virus vaccine, comprising: (i)
contacting PMA, mezerein, phenamil, 2'.4'-dichloroben-
zamil or 3',4'-dichlorobenzamil with a substrate infected with
an influenza virus under conditions that permit the influenza
virus to replicate; and (ii) purifying the influenza virus. In
another embodiment, the invention provides a method for
manufacture of an influenza virus vaccine, comprising: (i)
contacting PMA, mezerein, phenamil, 2'.4'-dichloroben-
zamil or 3',4'-dichlorobenzamil with a substrate that permits
replication of influenza virus; (ii) infecting the substrate with
the influenza virus; and (iii) puritying the influenza virus. In
certain embodiments, the methods of manufacture contem-
plated for use in the invention further comprise inactivating
the virus. In certain embodiments, the virus for use in the
invention is attenuated.

In another embodiment, the invention provides a method
for the manufacture of a negative-sense, single-stranded RNA
virus vaccine, comprising: (a) contacting an enhancer of virus
replication with a substrate infected with an attenuated nega-
tive-sense, single-stranded RNA virus; and (b) purifying the
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virus from the substrate. In another embodiment, the inven-
tion provides a method for the manufacture of an inactivated
negative-sense, single-stranded RNA virus, comprising: (a)
contacting an enhancer of virus replication with a substrate
infected with a negative-sense, single-stranded RNA virus;
(b) puritying the virus from the substrate; and (c) inactivating
the virus. In certain embodiments, the enhancer is a sodium
channel inhibitor, such as phenamil or 2'.4'-dichloroben-
zamil. In other embodiments, the enhancer is a PKC activator,
such as PMA or mezerein. In other embodiments, the
enhancer is a calcium channel inhibitor. In certain embodi-
ments, the calcium channel inhibitor is Amiloride. HC1 or
2'.4'-Dichlorobenzamil HC1.

Any type, subtype, and strain of a negative-sense, single-
stranded RNA virus may be used in accordance with the
invention. In certain embodiments, the negative-sense,
single-stranded RNA virus is a non-segmented virus. In other
embodiments, the negative-sense, single-stranded RNA virus
is a segmented virus. In a specific embodiment, the negative-
sense, single-stranded RNA virus is an enveloped virus. In
another specific embodiment, the negative-sense, single-
stranded RNA virus is influenza virus (e.g., an influenza A
virus, influenza B virus or influenza C virus). In another
embodiment, the negative-sense, single-stranded RNA virus
is a parainfluenza virus, a measles virus, a mumps virus or a
respiratory syncytial virus (RSV). In certain embodiments,
the negative-sense, single-stranded RNA virus is not a Sendai
virus. In some embodiments, the negative-sense, single-
stranded RNA virus is attenuated.

The present invention also provides high throughput
screening assays for the identification of compounds that
modulate the replication of negative-sense, single-stranded
RNA viruses. In one embodiment, the invention provides a
method for identifying a compound that modulates the repli-
cation of a negative-sense, single-stranded RNA virus com-
prising: (i) contacting a compound or a member of a library of
compounds with a cell transfected with a mini-genome
reporter construct, wherein the mini-genome reporter con-
struct comprises a reporter gene flanked by the 3' and '
signals which are required for proper transcription by RNA
polymerase I and recognition and transcription by the nega-
tive-sense, single-stranded RNA virus polymerase; (ii)
infecting the cell with the negative-sense, single-stranded
RNA virus in the presence of the compound; and (iii) mea-
suring the expression or activity of a gene product encoded by
the reporter gene, wherein a compound that modulates repli-
cation of the negative-sense, single-stranded RNA virus is
identified if the expression or activity of the reporter gene
product is altered in the presence of the compound or member
of'a library of compounds compared to expression or activity
of' the reporter gene product in the absence of the compound
or member of a library of compounds or a negative control. In
another embodiment, the invention provides a method for
identifying a compound that modulates the replication of a
negative-sense, single-stranded RNA virus comprising: (i)
infecting a cell with a negative-sense, single-stranded RNA
virus in the presence of a compound or a member of a library
of compounds, wherein the cell is transfected with a mini-
genome reporter construct, wherein the mini-genome
reporter construct comprises a reporter gene flanked by the 3'
and 5' signals which are required for proper transcription by
RNA polymerase I and recognition and transcription by the
negative-sense, single-stranded RNA virus polymerase; and
(i1) measuring the expression or activity of a gene product
encoded by the reporter gene, wherein a compound that
modulates replication of the negative-sense, single-stranded
RNA virus is identified if the expression or activity of the
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reporter gene product is altered in the presence of the com-
pound or member of a library of compounds compared to
expression or activity of the reporter gene product in the
absence of the compound or member of a library of com-
pounds or a negative control.

3.1 Terms

Asused herein, the term “about” or “approximately” when
used in conjunction with a number refers to any number
within 1, 5 or 10% of the referenced number.

As used herein, the term “compound,” unless otherwise
specified or apparent from the context, refers to any agent that
is being tested for its ability to modulate viral replication or
has been identified as modulating viral replication, including
the particular structures provided herein or incorporated by
reference herein, and solvates, hydrates, prodrugs, stereoiso-
mers and pharmaceutically acceptable salts thereof. Com-
pounds include, but are not limited to, proteinaceous mol-
ecules, including, but not limited to, peptides (including
dimers and multimers of such peptides), polypeptides, pro-
teins, including post-translationally modified proteins, con-
jugates, antibodies, antibody fragments etc.; small molecules,
including inorganic or organic compounds; nucleic acid mol-
ecules including, but not limited to, double-stranded or
single-stranded DNA, or double-stranded or single-stranded
RNA, antisense RNA, RNA interference (RNAi) molecules
(e.g., small interfering RNA (siRNA), micro-RNA (miRNA),
short hairpin RNA (shRNA), etc.), intron sequences, triple
helix nucleic acid molecules and aptamers; carbohydrates;
and lipids. In one embodiment, a compound is one of the
compounds identified in Section 5.1. In one embodiment, a
compound is purified.

As used herein, the term “effective amount” in the context
of administering a therapy to a subject refers to the amount of
a therapy which has a prophylactic and/or therapeutic
effect(s). In certain embodiments, an “effective amount™ in
the context of administration of a therapy to a subject refers to
the amount of a therapy which is sufficient to achieve one,
two, three, four, or more of the following effects: (i) reduce or
ameliorate the severity of a viral infection or a symptom
associated therewith; (ii) reduce the duration of a viral infec-
tion or a symptom associated therewith; (iii) prevent the pro-
gression of a viral infection or a symptom associated there-
with; (iv) cause regression of a viral infection or a symptom
associated therewith; (v) prevent the development or onset of
a viral infection or a symptom associated therewith; (vi)
prevent the recurrence of a viral infection or a symptom
associated therewith; (vii) reduce or prevent the spread of a
virus from one cell to another cell, one tissue to another tissue,
or one organ to another organ; (ix) prevent or reduce the
spread of a virus from one subject to another subject; (x)
reduce organ failure associated with a viral infection; (xi)
reduce hospitalization of a subject; (xii) reduce hospitaliza-
tion length; (xiii) increase the survival of a subject with a viral
infection; (xiv) eliminate a virus infection; (xv) inhibit or
reduce virus replication; (xvi) inhibit or reduce the entry of a
virus into a host cell(s); (xviii) inhibit or reduce replication of
the viral genome; (xix) inhibit or reduce synthesis of viral
proteins; (xx) inhibit or reduce assembly of viral particles;
(xxi) inhibit or reduce release of viral particles from a host
cell(s); (xxii) reduce viral titer; and/or (xxiii) enhance or
improve the prophylactic or therapeutic effect(s) of another
therapy.

As used herein, the term “effective amount” in the context
of a compound for use in propagating viruses refers to an
amount of a compound which is sufficient to increase virus
replication in a substrate for virus propagation (e.g., tissue
culture). In a specific embodiment, the effective amount is an
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amount of a compound which is sufficient to increase viral
titer. In certain embodiments, an “effective amount” in the
context of a compound for use in propagating viruses refers to
the amount of a compound that increases virus titer by at least
5 fold, at least 10 fold, at least 12 fold, at least 15 fold, at least
20 fold or at least 25 fold. In some embodiments, an “effective
amount” in the context of a compound for use in propagating
viruses refers to the amount of a compound that increases
virus titer by at least 1.5 logs, at least 2 logs, at least 3 logs, at
least 4 logs or at least 5 logs.

As used herein, the term “enhancer” refers to a compound
that increases viral replication as measured in any of the
assays as taught herein or known to one of skill in the art. In
some embodiments, an enhancer increases viral genome rep-
lication and/or viral protein synthesis. In some embodiments,
an enhancer increases the kinetics of viral replication. In
some embodiments, the enhancer increases viral yield. In
some embodiments, an enhancer increases infectivity of the
virus. In some embodiments, an enhancer increases growth of
the virus.

In certain embodiments, an enhancer increases the virus
replication by at least 1.5 fold, 2 fold, 3, fold, 4 fold, 5 fold, 6
fold, 7 fold, 8 fold, 9 fold, 10 fold, 15 fold, 20 fold, 25 fold, 30
fold, 35 fold, 40 fold, 45 fold, 50 fold, 100 fold, 500 fold, or
1000 fold relative to virus replication in the absence of com-
pound or the presence of a negative control. In a specific
embodiment, an enhancer of viral replication is identified if a
compound increases the virus replication by at least 2 fold, 5
fold or 10 fold relative to virus replication in the absence of
compound or the presence of a negative control. In certain
embodiments, an enhancer of viral replication increases the
virus replication by 1.5 to 3 fold, 2 to 4 fold, 3 to 5 fold, 4 to
8 fold, 6 to 9 fold, 8 to 10 fold, 2 to 10 fold, 5 to 20 fold, 10 to
40 fold, 10 to 50 fold, 25 to 50 fold, 50 to 100 fold, 75 to 100
fold, 100 to 500 fold, 500 to 1000 fold, or 10 to 1000 fold. In
a specific embodiment, an enhancer of viral replication
increase the virus replication by approximately 2 logs or
more, approximately 3 logs or more, approximately 4 logs or
more, approximately 5 logs or more, or 2 to 10logsor 2 to 5
logs relative to virus replication in the absence of compound
or the presence of a negative control.

In one embodiment, an increase in viral replication is mea-
sured using a high throughput assay described in Section 5.2,
infra. In one embodiment, an increase in viral replication is
measured by: (a) contacting a compound or a member of a
library of compounds with a cell before (e.g., 15 minutes, 30
minutes, 1 hour, 2 hours, 4 hours, 6 hours, 12 hours, 16 hours,
24 hours or more before), concurrently and/or subsequent to
(e.g., 15 minutes, 30 minutes, 1 hour, 2 hours, 4 hours, 6
hours, 12 hours, 16 hours, 24 hours or more after) infection;
and (b) measuring virus replication. The cells used in the
assay should be susceptible to infection by the chosen virus
and can be infected at different MOIs. The effect of a com-
pound on virus replication can be assessed by measuring
virus replication at different times post-infection. For
example, virus replication may be measured 6 hours, 12
hours, 16 hours, 24 hours, 48 hours or 72 hours post-infection,
using any method known to one of skill in the art can be used
measure virus replication. In one embodiment, an increase in
viral replication is assessed by measuring viral titer (as deter-
mined, e.g., by plaque formation). In another embodiment, an
increase in viral replication is assessed by measuring the
production of viral proteins (as determined, e.g., by Western
blot analysis, ELISA or flow cytometry). In another embodi-
ment, an increase in viral replication is assessed by measuring
the production of viral nucleic acids (as determined, e.g., by
RT-PCR or Northern blot analysis) using techniques known
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to one of skill inthe art. See Sections 5.3.1.1-5.3.1.6 below for
more details of techniques for measuring viral replication.

Asused herein, the term “in combination,” in the context of
the administration of two or more therapies to a subject, refers
to the use of more than one therapy (e.g., more than one
prophylactic agent and/or therapeutic agent). The use of the
term “in combination” does not restrict the order in which
therapies are administered to a subject with a viral infection.
A first therapy (e.g., a first prophylactic or therapeutic agent)
can be administered prior to (e.g., 5 minutes, 15 minutes, 30
minutes, 45 minutes, 1 hour, 2 hours, 4 hours, 6 hours, 12
hours, 16 hours, 24 hours, 48 hours, 72 hours, 96 hours, 1
week, 2 weeks, 3 weeks, 4 weeks, 5 weeks, 6 weeks, 8 weeks,
or 12 weeks before), concomitantly with, or subsequent to
(e.g., S minutes, 15 minutes, 30 minutes, 45 minutes, 1 hour,
2 hours, 4 hours, 6 hours, 12 hours, 16 hours, 24 hours, 48
hours, 72 hours, 96 hours, 1 week, 2 weeks, 3 weeks, 4 weeks,
5 weeks, 6 weeks, 8 weeks, or 12 weeks after) the adminis-
tration of a second therapy to a subject with a viral infection.

Asused herein, the term “infection” means the invasion by,
multiplication and/or presence of a virus in a cell or a subject.
In one embodiment, an infection is an “active” infection, i.e.,
one in which the virus is replicating in a cell or a subject. Such
an infection is characterized by the spread of the virus to other
cells, tissues, and/or organs, from the cells, tissues, and/or
organs initially infected by the virus. An infection may also be
alatentinfection, i.e., one in which the virus is not replicating.
In one embodiment, an infection refers to the pathological
state resulting from the presence of the virus in a cell or a
subject, or by the invasion of a cell or subject by the virus.

As used herein, the term “inhibitor” refers to a compound
that decreases viral replication as measured in any of the
assays as taught herein or known to one of skill in the art. In
some embodiments, an inhibitor completely inhibits viral
replication. In some embodiments, an inhibitor decreases
viral genome replication and/or viral protein synthesis. In
some embodiments, an inhibitor decreases the kinetics of
viral replication. In some embodiments, an inhibitor
decreases viral yield. In some embodiments, an inhibitor
decreases infectivity of the virus. In some embodiments, an
inhibitor decreases growth of the virus.

In certain embodiments, an inhibitor reduces the virus
replication by at least 1.5 fold, 2, fold, 3, fold, 4 fold, 5 fold,
6 fold, 7 fold, 8 fold, 9 fold, 10 fold, 15 fold, 20 fold, 25 fold,
30 fold, 35 fold, 40 fold, 45 fold, 50 fold, 100 fold, 500 fold,
or 1000 fold relative to virus replication in the absence of
compound or the presence of a negative control. In a specific
embodiment, an inhibitor reduces the virus replication by at
least 2 log relative to virus replication in the absence of
compound or the presence of a negative control. In certain
embodiments, an inhibitor of viral replication reduces the
virus replication by 1.5 to 3 fold, 2 to 4 fold, 3 to 5 fold, 4 to
8 fold, 6 to 9 fold, 8 to 10 fold, 2 to 10 fold, 5 to 20 fold, 10 to
40 fold, 10 to 50 fold, 25 to 50 fold, 50 to 100 fold, 75 to 100
fold, 100 to 500 fold, 500 to 1000 fold, or 10 to 1000 fold. In
a specific embodiment, an inhibitor of viral replication
reduces the virus replication by approximately 2 logs or more,
approximately 3 logs or more, approximately 4 logs or more,
approximately 5 logs or more, or 2 to 10 logs or 2 to 5 logs
relative to virus replication in the absence of compound or the
presence of a negative control.

In one embodiment, a decrease in viral replication is mea-
sured using a high throughput assay described in Section 5.2,
infra. In one embodiment, a decrease in viral replication is
measured by: (a) contacting a compound or a member of a
library of compounds with a cell before (e.g., 15 minutes, 30
minutes, 1 hour, 2 hours, 4 hours, 6 hours, 12 hours, 16 hours,
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24 hours or more before), concurrently and/or subsequent to
(e.g., 15 minutes, 30 minutes, 1 hour, 2 hours, 4 hours, 6
hours, 12 hours, 16 hours, 24 hours or more after) infection;
and (b) measuring virus replication. The cells used in the
assay should be susceptible to infection by the chosen virus
and can be infected at different MOIs. The effect of a com-
pound on virus replication can be assessed by measuring
virus replication at different times post-infection. For
example, virus replication may be measured 6 hours, 12
hours, 16 hours, 24 hours, 48 hours or 72 hours post-infection,
using any method known to one of skill in the art can be used
measure virus replication. In one embodiment, a decrease in
viral replication is assessed by measuring viral titer (as deter-
mined, e.g., by plaque formation). In another embodiment, a
decrease in viral replication is assessed by measuring the
production of viral proteins (as determined, e.g., by Western
blot analysis, ELISA or flow cytometry). In another embodi-
ment, a decrease in viral replication is assessed by measuring
the production of viral nucleic acids (as determined, e.g., by
RT-PCR or Northern blot analysis) using techniques known
to one of skill inthe art. See Sections 5.3.1.1-5.3.1.6 below for
more details of techniques for measuring viral replication.

As used herein, the term “library” in the context of com-
pounds refers to a plurality of compounds. A library can be a
combinatorial library, e.g., a collection of compounds syn-
thesized using combinatorial chemistry techniques, or a col-
lection of unique chemicals with a low molecular weight (less
than 1000 Daltons).

As used herein, the numeric term “log” refers to log;,.

As used herein, the terms “manage,” “managing,” and
“management,” in the context of the administration of a
therapy to a subject, refer to the beneficial effects that a
subject derives from a therapy, which does not resultin a cure
of a viral infection. In certain embodiments, a subject is
administered one or more therapies to “manage” a disease so
as to prevent the progression or worsening of the viral infec-
tion.

As used herein, the phrase “multiplicity of infection” or
“MOI” is the average number of virus per infected cell. The
MOl is determined by dividing the number of virus added (ml
addedxPFU) by the number of cells added (ml addedxcells/
ml).

Asused herein, the terms “prevent,” “preventing” and “pre-
vention” in the context of the administration of a therapy(ies)
to a subject to prevent a viral infection refer to one or more of
the following effects resulting from the administration of a
therapy or a combination of therapies: (i) the inhibition of the
development or onset of a viral infection and/or a symptom
associated therewith; and (ii) the inhibition of the recurrence
of a viral infection and/or a symptom associated therewith.

As used herein, the terms “prophylactic agent” and “pro-
phylactic agents” refer to any agent(s) (e.g., a compound)
which can be used in the prevention of a viral infection or a
symptom associated therewith. In a specific embodiment, a
prophylactic agent is an agent which is known to be useful to
or has been oris currently being used to prevent or impede the
onset and/or development of a viral infection or a symptom
associated therewith.

As used herein, the term “prophylactically effective
amount” refers to the amount of a therapy (e.g., prophylactic
agent) which is sufficient to prevent a viral infection or a
symptom thereof in a subject. In certain embodiments of the
invention, a “prophylactically effective amount” is the
amount of a compound that reduces the incidence of a viral
infection in a subject. In a specific embodiment, the incidence
of'a viral infection in a subject is reduced by at least 2.5%, at
least 5%, at least 10%, at least 15%, at least 25%, at least 35%,
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at least 45%, at least 50%, at least 75%, at least 85%, by at
least 90%, at least 95%, or at least 99% in a subject adminis-
tered a compound relative to a subject or group of subjects
(e.g., two, three, five, ten or more subjects) not administered
a compound.

As used herein, the term “purified,” in the context of a
compound that is chemically synthesized, refers to a com-
pound that is substantially free of chemical precursors or
other chemicals when chemically synthesized. In a specific
embodiment, the compound is 60%, preferably 65%, 70%,
75%, 80%, 85%, 90%, or 99% free of other, different com-
pounds.

As used herein, the terms “purified” and “isolated” when
used in the context of a compound (including proteinaceous
agents such as peptides) that is obtained from a natural
source, e.g., cells, refers to a compound which is substantially
free of contaminating materials from the natural source, e.g.,
soil particles, minerals, chemicals from the environment, and/
or cellular materials from the natural source, such as but not
limited to cell debris, cell wall materials, membranes,
organelles, the bulk of the nucleic acids, carbohydrates, pro-
teins, and/or lipids present in cells. The phrase “substantially
free of natural source materials” refers to preparations of a
compound that has been separated from the material (e.g.,
cellular components of the cells) from which it is isolated.
Thus, a compound that is isolated includes preparations of a
compound having less than about 30%, 20%, 10%, 5%, 2%,
or 1% (by dry weight) of cellular materials and/or contami-
nating materials.

A “purified” or “isolated” nucleic acid sequence or nucle-
otide sequence, such as an RNAi molecule (e.g., siRNA,
miRNA, shRNA, etc.) or a vector construct for producing an
RNAi molecule, can be substantially free of other cellular
material or culture medium when produced by recombinant
techniques, or substantially free of chemical precursors when
chemically synthesized. In certain embodiments, an “iso-
lated” nucleic acid sequence or nucleotide sequence is a
nucleic acid sequence or nucleotide sequence that is recom-
binantly expressed in a heterologous cell.

Asused herein, the term “purified” in the context of viruses
refers to a virus which is substantially free of cellular material
and culture media from the cell or tissue source from which
the virus is derived. The language “substantially free of cel-
Iular material” includes preparations of virus in which the
virus is separated from cellular components of the cells from
which it is isolated or recombinantly produced. Thus, virus
that is substantially free of cellular material includes prepa-
rations of protein having less than about 30%, 20%, 10%, or
5% (by dry weight) of cellular protein (also referred to herein
as a “contaminating protein”). The virus is also substantially
free of culture medium, i.e., culture medium represents less
than about 20%, 10%, or 5% of the volume of the virus
preparation. A virus can be purified using routine methods
known to one of skill in the art including, but not limited to,
chromatography and centrifugation.

As used herein, the terms “replication,” “viral replication”
and “virus replication” in the context of a virus refer to one or
more, or all, of the stages of a viral life cycle which result in
the propagation of virus. The steps of a viral life cycle include,
but are not limited to, virus attachment to the host cell surface,
penetration or entry of the host cell (e.g., through receptor
mediated endocytosis or membrane fusion), uncoating (the
process whereby the viral capsid is removed and degraded by
viral enzymes or host enzymes thus releasing the viral
genomic nucleic acid), genome replication, synthesis of viral
messenger RNA (mRNA), viral protein synthesis, and assem-
bly of'viral ribonucleoprotein complexes for genome replica-
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tion, assembly of virus particles, post-translational modifica-
tion of the viral proteins, and release from the host cell by
lysis or budding and acquisition of a phospholipid envelope
which contains embedded viral glycoproteins. In some
embodiments, the terms “replication,” “viral replication” and
“virus replication” refer to the replication of the viral genome.
In other embodiments, the terms “replication,” “viral replica-
tion” and “virus replication” refer to the synthesis of viral
proteins.

As used herein, the term “small molecules” and “small
molecular weight compounds™ and analogous terms include,
but are not limited to, peptides, peptidomimetics, amino
acids, amino acid analogs, polynucleotides, polynucleotide
analogs, nucleotides, nucleotide analogs, other organic and
inorganic compounds (i.e., including heteroorganic and orga-
nometallic compounds) having a molecular weight less than
about 10,000 grams per mole, organic or inorganic com-
pounds having a molecular weight less than about 5,000
grams per mole, organic or inorganic compounds having a
molecular weight less than about 1,000 grams per mole,
organic or inorganic compounds having a molecular weight
less than about 500 grams per mole, organic or inorganic
compounds having a molecular weight less than about 100
grams per mole, and salts, esters, and other pharmaceutically
acceptable forms of such compounds. Salts, esters, and other
pharmaceutically acceptable forms of such compounds are
also encompassed. In one embodiment, the small molecule is
an organic compound other than a peptide, peptidomimetic,
amino acid, amino acid analog, polynucleotide, polynucle-
otide analog, nucleotide or nucleotide analog.

As used herein, the terms “subject” or “patient” are used
interchangeably. As used herein, the terms “subject” and
“subjects” refer to an animal (e.g., birds, reptiles, and mam-
mals), preferably a mammal including a non-primate (e.g., a
camel, donkey, zebra, cow, pig, horse, goat, sheep, cat, dog,
rat, and mouse) and a primate (e.g., a monkey, chimpanzee,
and a human), and most preferably a human.

As used herein, the term “premature human infant” refers
to a human infant born at less than 37 weeks of gestational
age.

As used herein, the term “human infant” refers to a new-
born to 1 year old year human.

As used herein, the term “human child” refers to a human
that is 1 year to 18 years old.

As used herein, the term “human adult” refers to a human
that is 18 years or older.

Asused herein, the term “elderly human” refers to ahuman
65 years or older.

As used herein, the term “synergistic,” in the context of the
effect of therapies, refers to a combination of therapies which
is more effective than the additive effects of any two or more
single therapies. In a specific embodiment, a synergistic
effect of a combination of therapies permits the use of lower
dosages of one or more of therapies and/or less frequent
administration of said therapies to a subject with a viral infec-
tion. In certain embodiments, the ability to utilize lower dos-
ages of therapies (e.g., prophylactic or therapeutic agents)
and/or to administer said therapies less frequently reduces the
toxicity associated with the administration of said therapies to
a subject without reducing the efficacy of said therapies in the
prevention or treatment of a viral infection. In some embodi-
ments, a synergistic effect results in improved efficacy of
therapies (e.g., prophylactic or therapeutic agents) in the pre-
vention, management and/or treatment of a viral infection. In
some embodiments, a synergistic effect of a combination of
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therapies (e.g., prophylactic or therapeutic agents) avoids or
reduces adverse or unwanted side effects associated with the
use of any single therapy.

As used herein, the terms “therapies” and “therapy” can
refer to any protocol(s), method(s), compound(s), composi-
tion(s), formulation(s), and/or agent(s) that can be used in the
prevention, treatment, management, or amelioration ofa viral
infection or a symptom associated therewith. In certain
embodiments, the terms “therapies” and “therapy” refer to
biological therapy, supportive therapy, and/or other therapies
useful in treatment, management, prevention, or amelioration
of'a viral infection or a symptom associated therewith known
to one of skill in the art.

As used herein, the term “therapeutically effective
amount” refers to the amount of a therapy, which is sufficient
to treat and/or manage a viral infection. In certain embodi-
ments of the invention, a “therapeutically effective amount” is
the amount of a compound that reduces the severity, the
duration and/or the symptoms associated with a viral infec-
tion in a subject. In certain other embodiments of the inven-
tion, a “therapeutically effective amount” is the amount of a
compound that results in a reduction in viral titer by at least
1.51ogs, atleast 2 logs, atleast 3 logs, atleast 4 logs, or at least
5 logs in a subject administered a compound relative to the
viral titer in a subject or group of subjects (e.g., two, three,
five, ten or more subjects) not administered a compound. In
certain other embodiments of the invention, a “therapeuti-
cally effective amount” is the amount of a compound that
results in a reduction in viral titer by 1.5 to 10 logs, 1.5t0 5
logs, 2 to 10 logs, 2 to 5 logs, or 2 to 4 logs in a subject
administered a compound relative to the viral titer in a subject
or group of subjects (e.g., two, three, five, ten or more sub-
jects) not administered a compound.

As used herein, the terms “therapeutic agent” and “thera-
peutic agents” refer to any agent(s) (e.g., a compound) which
can be used in the prevention, treatment and/or management
of a viral infection or a symptom associated therewith. In a
specific embodiment, a therapeutic agent is an agent which is
known to be useful for, or has been or is currently being used
for the prevention, treatment, and/or management of a viral
infection or a symptom associated therewith.

As used herein, the terms “treat,” “treatment,” and “treat-
ing” refer in the context of administration of a therapy(ies) to
a subject to treat a viral infection to a beneficial or therapeutic
effect of a therapy or a combination of therapies. In specific
embodiments, such terms refer to one, two, three, four, five or
more of the following effects resulting from the administra-
tion of a therapy or a combination of therapies: (i) the reduc-
tion or amelioration of the severity of a viral infection and/or
a symptom associated therewith; (ii) the reduction in the
duration of a viral infection and/or a symptom associated
therewith; (iii) the regression of a viral infection and/or a
symptom associated therewith; (iv) the reduction of the titer
of'a virus; (v) the reduction in organ failure associated with a
viral infection; (vi) the reduction in hospitalization of a sub-
ject; (vii) the reduction in hospitalization length; (viii) the
increase in the survival of a subject; (ix) the elimination of a
virus infection; (x) the inhibition of the progression of a viral
infection and/or a symptom associated therewith; (xi) the
prevention of the spread of a virus from a cell, tissue, organ or
subject to another cell, tissue, organ or subject; (xii) the
inhibition or reduction in the entry of a virus into a host
cell(s); (xiii) the inhibition or reduction in the replication of
the viral genome; (xiv) the inhibition or reduction in the
synthesis of viral proteins; (xv) the inhibition or reduction in
the release of viral particles from a host cell(s); and/or (xvi)
the enhancement or improvement the therapeutic effect of
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another therapy. In some embodiments, the terms “treat,”
“treatment,” and “treating” refer to the administration of the
compounds to cells or another virus substrate.

Definitions of the more commonly recited chemical groups
are set forth below. Certain variables in classes of compounds
disclosed herein recite other chemical groups. Chemical
groups recited herein, but not specifically defined, have their
ordinary meaning as would be known by a chemist skilled in
the art.

An “alkyl” group as used herein is a saturated straight chain
or branched non-cyclic hydrocarbon having from 1 to 20
carbon atoms. Representative alkyl groups include, but are
not limited to, -methyl, -ethyl, -n-propyl, -n-butyl, -n-pentyl,
-n-hexyl, -n-heptyl and -n-octyl; while saturated branched
alkyls include -isopropyl, -sec-butyl, -isobutyl, -tert-butyl,
-isopentyl, 2-methylpentyl, 3-methylpentyl, 4-methylpentyl,
2,3-dimethylbutyl and the like. An alkyl group can be substi-
tuted or unsubstituted. For example, an alkyl group can be
substituted with hydroxy, halogen, carboxy, naphthyl, pyri-
dine, or phenyl, each further optionally substituted with alkyl,
hydroxy, trifltuoromethyl, alkoxy, nitro or halogen, where
appropriate.

An “amino” group as used herein is a—NH,, —NHR or
—NR, group, wherein each R is independently alkyl, alkoxy,
amino, cycloalkyl, phenyl, or the R groups taken together
with the nitrogen to which they are attached can form a
heterocycle, each further optionally substituted with alkyl,
hydroxy, trifltuoromethyl, alkoxy, nitro or halogen, where
appropriate.

A “guanidino” group as used herein is a —N—C(NHR),
group, wherein R is any appropriate substituent including, but
not limited to, H, benzyl, or substituted or unsubstituted alkyl.

The term “halogen” means fluorine, chlorine, bromine and
iodine.

A “heterocyclic ring” is a non aromatic cycloalkyl in which
one or more of the ring carbon atoms are independently
replaced with a heteroatom from the group consisting of O, S,
and N. Representative examples of a heterocyclic ring
include, but are not limited to, aziridine, pyrrolidine, piperi-
dine, morpholine, or thiomorpholine. In certain embodiments
the heterocyclic ring may encompass a heterocyclic ring that
is fused to a 6 membered aromatic ring system, such as a
phenyl ring. In one embodiment the heterocyclic ring system
is indoline or isoindoline.

In one embodiment, when groups described herein are said
to be “substituted,” they may be substituted with any suitable
substituent or substituents. [llustrative examples of substitu-
ents include those found in the exemplary compounds and
embodiments disclosed herein, as well as halogen (chloro,
iodo, bromo, or fluoro); C, ¢ alkyl; C, ¢ alkenyl; C,_¢ alkynyl;
hydroxyl; C, ¢ alkoxyl; amino; nitro; thiol; thioether; imine;
cyano; amido; phosphonato; phosphine; carboxyl; thiocarbo-
nyl; sulfonyl; sulfonamide; ketone; aldehyde; ester; oxygen
(0); haloalkyl (e.g., trifluoromethyl); carbocyclic cycloalkyl,
which may be monocyclic or fused or non-fused polycyclic
(e.g., cyclopropyl, cyclobutyl, cyclopentyl, or cyclohexyl), or
a heterocycloalkyl, which may be monocyclic or fused or
non-fused polycyclic (e.g., pyrrolidinyl, piperidinyl, piper-
azinyl, morpholinyl, or thiazinyl); carbocyclic or heterocy-
clic, monocyclic or fused or non-fused polycyclic aryl (e.g.,
phenyl, naphthyl, pyrrolyl, indolyl, furanyl, thiophenyl, imi-
dazolyl, oxazolyl, isoxazolyl, thiazolyl, triazolyl, tetrazolyl,
pyrazolyl, pyridinyl, quinolinyl, isoquinolinyl, acridinyl,
pyrazinyl, pyridazinyl, pyrimidinyl, benzimidazolyl, ben-
zothiophenyl, or benzofuranyl); amino (primary, secondary,
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or tertiary); o-lower alkyl; o-aryl, aryl; aryl-lower alkyl;
CO,CH,; CONH,; OCH,CONH,; NH,; SO,NH,; OCHF,;
CF,; OCF,.

As used herein, the term “pharmaceutically acceptable
salt(s)” refers to a salt prepared from a pharmaceutically
acceptable non-toxic acid or base including an inorganic acid
and base and an organic acid and base. Suitable pharmaceu-
tically acceptable base addition salts of the compounds
include, but are not limited to metallic salts made from alu-
minum, calcium, lithium, magnesium, potassium, sodium
and zinc or organic salts made from lysine, N,N'-dibenzyl-
ethylenediamine, chloroprocaine, choline, diethanolamine,
ethylenediamine, meglumine (N-methylglucamine) and
procaine. Suitable non-toxic acids include, but are not limited
to, inorganic and organic acids such as acetic, alginic, anthra-
nilic, benzenesulfonic, benzoic, camphorsulfonic, citric,
ethenesulfonic, formic, fumaric, furoic, galacturonic, glu-
conic, glucuronic, glutamic, glycolic, hydrobromic, hydro-
chloric, isethionic, lactic, maleic, malic, mandelic, methane-
sulfonic, mucic, nitric, pamoic, pantothenic, phenylacetic,
phosphoric, propionic, salicylic, stearic, succinic, sulfanilic,
sulfuric, tartaric acid, and p-toluenesulfonic acid. Specific
non-toxic acids include hydrochloric, hydrobromic, phos-
phoric, sulfuric, and methanesulfonic acids. Examples of spe-
cific salts thus include hydrochloride and mesylate salts. Oth-
ers are well-known in the art, See for example, Remington’s
Pharmaceutical Sciences, 18th eds., Mack Publishing, Easton
Pa. (1990) or Remington: The Science and Practice of Phar-
macy, 19th eds., Mack Publishing, Easton Pa. (1995).

As used herein and unless otherwise indicated, the term
“hydrate” means a compound, or a salt thereof, that further
includes a stoichiometric or non-stoichiometric amount of
water bound by non-covalent intermolecular forces.

As used herein and unless otherwise indicated, the term
“solvate” means a compound, or a salt thereof, that further
includes a stoichiometric or non-stoichiometric amount of a
solvent bound by non-covalent intermolecular forces.

As used herein and unless otherwise indicated, the term
“prodrug” means a compound derivative that can hydrolyze,
oxidize, or otherwise react under biological conditions (in
vitro or in vivo) to provide compound. Examples of prodrugs
include, but are not limited to, derivatives and metabolites of
a compound that include biohydrolyzable moieties such as
biohydrolyzable amides, biohydrolyzable esters, biohydro-
lyzable carbamates, biohydrolyzable carbonates, biohydro-
lyzable ureides, and biohydrolyzable phosphate analogues. In
certain embodiments, prodrugs of compounds with carboxyl
functional groups are the lower alkyl esters of the carboxylic
acid. The carboxylate esters are conveniently formed by
esterifying any of the carboxylic acid moieties present on the
molecule. Prodrugs can typically be prepared using well-
known methods, such as those described by Burger’s Medici-
nal Chemistry and Drug Discovery 6th ed. (Donald J. Abra-
ham ed., 2001, Wiley) and Design and Application of
Prodrugs (H. Bundgaard ed., 1985, Harwood Academic Pub-
lishers Gmth).

As used herein and unless otherwise indicated, the term
“stereoisomer” or “stereomerically pure” means one stereoi-
somer of a compound, in the context of an organic or inor-
ganic molecule, that is substantially free of other stereoiso-
mers of that compound. For example, a stereomerically pure
compound having one chiral center will be substantially free
of the opposite enantiomer of the compound. A stereomeri-
cally pure compound having two chiral centers will be sub-
stantially free of other diastereomers of the compound. A
typical stereomerically pure compound comprises greater
than about 80% by weight of one stereoisomer of the com-
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pound and less than about 20% by weight of other stereoiso-
mers of the compound, greater than about 90% by weight of
one stereoisomer of the compound and less than about 10%
by weight of the other stereoisomers of the compound, greater
than about 95% by weight of one stereoisomer of the com-
pound and less than about 5% by weight of the other stereoi-
somers of the compound, or greater than about 97% by weight
of one stereoisomer of the compound and less than about 3%
by weight of the other stereoisomers of the compound. The
compounds can have chiral centers and can occur as race-
mates, individual enantiomers or diastereomers, and mixtures
thereof. All such isomeric forms are included within the
embodiments disclosed herein, including mixtures thereof.

Various compounds contain one or more chiral centers, and
can exist as racemic mixtures of enantiomers, mixtures of
diastereomers or enantiomerically or optically pure com-
pounds. The use of stereomerically pure forms of such com-
pounds, as well as the use of mixtures of those forms are
encompassed by the embodiments disclosed herein. For
example, mixtures comprising equal or unequal amounts of
the enantiomers of a particular compound may be used in
methods and compositions disclosed herein. These isomers
may be asymmetrically synthesized or resolved using stan-
dard techniques such as chiral columns or chiral resolving
agents. See, e.g., Jacques, J., et al., Enantiomers, Racemates
and Resolutions (Wiley-Interscience, New York, 1981);
Wilen, S. H., et al., Tetrahedron 33:2725 (1977); Eliel, E. L.,
Stereochemistry of Carbon compounds (McGraw-Hill, N.Y.,
1962); and Wilen, S. H., Tables of Resolving Agents and
Optical Resolutions p. 268 (E. L. Eliel, Ed., Univ. of Notre
Dame Press, Notre Dame, Ind., 1972).

It should also be noted that compounds, in the context of
organic and inorganic molecules, can include E and Z iso-
mers, or a mixture thereof, and cis and trans isomers or a
mixture thereof. In certain embodiments, compounds are iso-
lated as either the E or Z isomer. In other embodiments,
compounds are a mixture of the E and Z isomers.

4. DESCRIPTION OF THE FIGURES

FIG. 1. Influenza virus mini-genome reporter construct and
high-throughput screening (HTS) results. (A) Schematic of
the influenza virus luciferase reporter construct. The firefly
luciferase open reading frame was inserted in the reverse
orientation and complementary sense between the influenza
virus non-coding regions which serve as the viral promoter.
This cassette is flanked by a human RNA polymerase I (Pol I)
promoter and a hepatitis delta virus (HDV) ribozyme. The
transcribed RNA (VRNA) has exact ends and mimics an influ-
enza virus genome segment. Upon infection, the influenza
virus polymerase recognizes the promoter and the reporter
gene is transcribed and expressed. (B) Results of the HTS of
known bioactive compounds. Three libraries (NINDS,
Prestwick and BIOMOL) were screened containing 2640
known bioactive compounds. Strong inhibition was defined
as a 90-100% reduction in luminescence, medium inhibition
as a 70-89% reduction and an increase in luminescence of at
least 2 fold was classified as an enhancement.

FIG. 2. Inhibition of negative sense RNA viruses by Na*/
K*/ATPase pump inhibitors. A549 cells were infected with
(A) A/WSN/33 (MOI=1), (B) NDV/B1 (MOI=1) or (C and
D) VSV-GFP (MOI=1) in the presence of 20 nM ouabain or
78 nM lanatoside C. Viral titers were determined 24 hours
post infection by plaque assays (A, B, C) and the growth of
VSV-GFP was in addition visualized by fluorescence micros-
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copy (D). The assay was performed in triplicate for (A) test-
ing ouabain and is presented as the mean+standard deviation.
Student’s t test: *, P<0.05.

FIG. 3. Cytotoxicity of inhibitory compounds in A549 cells
and their impact on the replication of influenza A virus. (A)
Cytotoxicity profiles of SDZ-201106 and rottlerin. A549
were seeded into 96-well plates and treated for 24 h with the
indicated concentrations of SDZ-201106 (Na*-channel
opener) or rottlerin (PKC inhibitor). Absorbance of formazan
was measured 2 hours after adding the MTS substrate at a
wavelength of 450 nm. The data represent the averages of 5
wellszstandard deviation of the mean. (B) Inhibition of influ-
enza replication by SDZ-201106 and rottlerin. A549 cells
were infected with influenza A/WSN/33 virus (MOI=1) in the
presence of the indicated concentrations of SDZ-201106 or
rottlerin. (C, D) Viral titers were determined 24 hours post
infection by plaque assay in MDCK cells.

FIG. 4. Inhibition of influenza A and B viruses by a Na*-
channel opener and a PKC inhibitor. A549 cells were infected
with either (A) A/WSN/33 (MOI=1) or (B) B/Yamagata/88
(MOI=5) in the presence of 12.5 uM SDZ-201106 (Na*-
channel opener) or 1.25 pM rottlerin (PKC inhibitor). Viral
titers were determined 24 hours post infection by plaque
assays in MDCK cells. The assay was performed in triplicate
and is presented as the meansstandard deviation. Student’s t
test: *, P<0.05; **, P<0.01.

FIG. 5. Enhancement of influenza A virus replication by
Na*-channel inhibitors and PKC activators. A549 cells were
infected with influenza A/WSN/33 virus (MOI=0.001) in the
presence of (A) Na*-channel inhibitors (400 nM 2',4'-dichlo-
robenzamil and 10 uM phenamil) and (B) PKC activators
(250 nM mezerein and 250 nM PMA). Viral titers were mea-
sured at 24, 36, 48 and 60 hours post infection by plaque assay
in MDCK cells. The assay was performed in triplicate and is
presented as the meanzstandard deviation. Student’s t
test: *, ¥, P<0.05; ** ** P<0.01 (* refers to data points for
2' 4'-dichlorobenzamil (A) and for mezerein (B), refers to
data points for phenamil (A) and PMA (B)).

FIG. 6. Enhancement of influenza B virus replication by a
Na™-channel inhibitor and a PKC activator. A549 cells were
infected with influenza B/Yamagata/88 virus (MOI=0.1) in
the presence of 400 nM 2',4'-dichlorobenzamil (Na*-channel
inhibitor) and 250 nM mezerein (PKC activator). Viral titers
were measured at 0, 12, 24, 36 and 48 hours post infection by
plaque assay in MDCK cells. The assay was performed in
triplicate and is presented as the meanzstandard deviation.
Student’s t test: **, P=0.05; **** P=0.01; *** P=0.001 (*
refers to data points for 2',4'-dichlorobenzamil and * refers to
data points for mezerein).

FIG. 7. Enhanced growth of human isolates of influenza
viruses and a reassortant H5N1 influenza vaccine strain.
A549 cells were infected with (A) A/Wyoming/03/2003
(MOI=0.01), (B) A/Moscow/10/99 (MOI=0.01) and (C) 6:2
reassortant HSN1/PR8 (MOI=0.001) in the presence of (A, B,
C) 400 nM 2'4'-dichlorobenzamil or (A, B) 250 nM
mezerein. Viral titers were measured at indicated time points
post infection by plaque assay in MDCK cells. (C) The assay
was performed in triplicate and is presented as the
meanzstandard deviation. Student’s t test: *, P<0.05; **,
P=<0.01.

FIG. 8. Influenza A virus growthinresponse to 2',4'-dichlo-
robenzamil versus 3',4'-dichlorobenzamil. A549 cells were
infected with influenza A/WSN/33 virus (MOI=0.001) in the
presence 400 nM of 2'4'- or 3'.4'-dichlorobenzamil. Viral
titers were determined at 48 hours post infection by plaque
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assay in MDCK cells. The assay was performed in triplicate
and is presented as the meansstandard deviation. Student’s t
test: **, P<0.01.

FIG. 9. A549 cells were infected with influenza virus in the
absence or presence of SDZ-201106 (used at 12.5 uM) (A) or
rottlerin (used at 1.25 uM) (B). After 24 hours, the virus was
collected. After 15 passages in the absence or presence of
SDZ-201106 (A) or after 17 passages in the absence or pres-
ence of rottlerin (B), the susceptibility of the viruses to the
compounds was determined. Growth of the passaged viruses
in the presence of compound was compared to that of unpas-
saged virus (titers were determined by plaque assay in
MDCK cells). (A) Student’s t test: *, P<0.01; (B) Student’s t
test: *, P<0.05.

FIG. 10. A549 cells were infected with influenza virus
WSN (MOI=1) in the presence of A3 (added at the indicated
times post infection). Virus growth was measured using a
plaque assay at 24 hours post infection. The assay was per-
formed in triplicate and is presented as the meansstandard
deviation. hpi=hours post infection.

FIG. 11. A549 cells were infected with influenza virus
WSN (MOM) in the presence of A35 (added at the indicated
times post infection). Virus growth was measured using a
plaque assay at 24 hours post infection.

FIG. 12. A549 cells were infected with influenza virus
WSN (MOI=1) in the presence of C2 (added at the indicated
times post infection). Virus growth was measured by plaque
assay at 24 hours post infection. The assay was performed in
triplicate and is presented as the meanzstandard deviation.
hpi=hours post infection.

FIG. 13. A549 cells were infected with influenza B/Yama-
gata/88 virus (MOI=1) in the presence of A3, A35 and C2.
Virus growth was measured 24 hours post infection. C2 was
tested at a different time and therefore has its own untreated
control. The assay was performed in triplicate and is pre-
sented as the meanzstandard deviation. Student’s t test: **,
P<0.01; *, P<0.05.

FIG. 14. A549 cells were infected with NDV/B1 (A) and
VSV (B) (MOI=1) in the presence of A3, A35 and C2. Virus
growth was measured by plaque assay 24 hours post infec-
tion. C2 was tested at a different time and therefore has its
own untreated control. The assay was performed in triplicate
and is presented as the mean standard deviation.

FIG. 15. Mini-genome studies of Compounds A3, A35 and
C2. Monolayers of A549 cells were transfected with expres-
sion plasmids for influenza virus NP, the 3 polymerase sub-
units (PB1, PB2, PA), a mini-genome comprising a luciferase
reporter gene and an expression plasmid for renilla luciferase
for normalization. Cells were pretreated for 4 hours prior to
transfection and compounds were present after the transfec-
tion for an additional 20 hours. 3P/NP=control cells trans-
fected with virus expression plasmids without inhibitor. Rib-
avirin, an inhibitor of RNA virus replication, is included as a
control. The assay was performed in triplicate and is pre-
sented as the mean+standard deviation.

FIG. 16. Influenza virus polymerase activity in response to
increasing concentrations of A3. A549 cells were transfected
with expression plasmids for influenza virus A/WSN/33 NP
and the 3 polymerase subunits (PB1, PB2, PA) and a mini-
genome comprising a luciferase reporter gene in the presence
of different concentrations of A3 and polymerase activity was
measured.

5. DETAILED DESCRIPTION
5.1 Modulators of Virus Replication

Without being limited by theory, embodiments provided
herein are based on the discovery that modulating one or more
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of'proteinkinase C (“PKC”), sodium channels, calcium chan-
nels or Na*/K*/ATPase pumps modulates viral replication. In
particular, it has been found that PKC inhibitors, sodium
channel openers, and Na*/K*/ATPase pump inhibitors reduce
viral replication, and that PKC activators, sodium channel
inhibitors and calcium channel inhibitors enhance viral rep-
lication.

Tlustrative examples of PKC isoforms or isotypes that
compounds set forth herein are useful for inhibiting or acti-
vating include, but are not limited to, PKCa, PKCp, PKCfI,
PKCBIL, PKCH, PKCe, PKCy, PKCiota-Par6, PKCC, nPKC,
aPKC, and PKCr. PKC isoforms and isotypes can be Ca**
sensitive or insensitive.

Tlustrative examples of sodium channels that compounds
set forth herein are useful for inhibiting or activating include,
but are not limited to, tetrodotoxin (TTX)-sensitive sodium
channels, voltage-gated sodium channels, voltage-dependent
sodium channels, amiloride-sensitive sodium channels, and
cardiac sodium channels. Representative compounds that
modulate tetrodotoxin (TTX)-sensitive sodium channels
include, but are not limited to, Aconitine and Lappaconitine-
.HBr. Representative compounds that modulate voltage-
gated sodium channels include, but are not limited to,
Anemone Toxin II, ATX II (recombinant), Batrachotoxin,
BIA 2-093, Lamotrigine, Lidocaine, QX-314, and - and
(p-Pompilidotoxin. Representative compounds that modu-
late voltage-dependent sodium channels include, but are not
limited to, p-Conotoxin GIIIB, Grayanotoxin III, Kavain
(+/-), Riluzole, Tetrodotoxin, and Tocainide.HCl. A repre-
sentative compound that modulates amiloride-sensitive
sodium channels is Phenamil methanesulfonate salt. A rep-
resentative compound that modulates cardiac sodium chan-
nels is QX-314.

5.1.1 Inhibitors of Viral Replication

In one embodiment, provided herein are compounds with
activity as inhibitors of PKC. Without being limited by
theory, it is thought that compounds with activity as inhibitors
of PKC are useful for the inhibition or reduction of the rep-
lication of negative-sense, single-stranded RNA viruses and,
accordingly, are useful as antiviral agents. Accordingly, pro-
vided herein are methods for using inhibitors of PKC for the
inhibition or reduction of the replication of negative-sense,
single-stranded RNA viruses.

In a particular embodiment, compounds which have activ-
ity as inhibitors of PKC include, but are not limited to, rot-
tlerin (PKC9), Aurothioglucose hydrate (PKCiota-Par6), Bis-
indolylmaleimide II, IV, VI, VII, VIII, X and XI, G66983
(PKCa, PKCp, PKCd, PKCy, PKCT, in one embodiment
PKC9, PKCy, PKCE), G66976 (PKCa, PKCBI), Myristoy-
lated PKCT, HBDDE (PKCa., PKCy), Ro 32-0432 (PKCa),
CGP-53353 (PKCPII), Calphostin C (UCN-1028C), Chel-
erythrine Chloride, GF 109203X (PKCa, PKCpI, PKCBII,
PKCy), 1-O-Hexadecyl-2-O-acetyl-sn-glycerol, (x)1-O-
Hexadecyl-2-O-methylglycerol, HA-100, Hypericin, Ilmo-
fosine semisolid, Myristoylated PKC (20-28), Myristoylated
EGFR Fragment (651-658), K-252b solution, KRIBB3,
NPC-15437 dihydrochloride hydrate, Ro 31-8220, Phloretin,
Protein Kinase C (19-31), Protein Kinase C Pseudosubstrate
(19-36), Sphingosine, D-erythro, Staurosporine, Tamoxifen,
UCN-01, and 12(S),20-diHETE. Particular PKC isoforms or
isotypes that certain compounds are useful for inhibiting are
set forth in parentheses following the compound name.

In one embodiment, the PKC inhibitor is rottlerin (Sigma-
Aldrich, St. Louis, Mo., USA). In some embodiments, the
PKC inhibitor is not bisindolylmaleimide I, such as bisin-
dolylmaleimide L.HCl. In some embodiments, the PKC
inhibitor is not 1-(5-inoquinolinesulphonyl)-2-methylpipera-
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zine dihydrochloride (H7). In some embodiments, the PKC
inhibitor is not staurosporine. In some embodiments, the PKC
inhibitor is not calphostin C. In some embodiments, the PKC
inhibitor is not GF 109203X. In some embodiments, the PKC
inhibitor is not G66976. In some embodiments, the PKC
inhibitor is not a peptide corresponding to the pseudo sub-
strate domain of PKCa and PKCp. In some embodiments, the
PKC isoform is not PKCa.. In some embodiments, the PKC
isoform is not PKCp. In some embodiments, a PKC inhibitor
of the invention does not inhibit the PKC isoform PKCBII.

In one embodiment, provided herein are compounds with
activity as a sodium channel opener. In a particular embodi-
ment, provided herein are compounds with activity as an
epithelial sodium channel opener. Without being limited by
theory, it is thought that compounds with activity as a sodium
channel opener are useful for the inhibition or reduction of the
replication of negative-sense, single-stranded RNA viruses
and, accordingly, are useful as antiviral agents. Accordingly,
provided herein are methods for using sodium channel open-
ers for the inhibition or reduction of the replication of nega-
tive-sense, single-stranded RNA viruses.

In a particular embodiment, compounds which have activ-
ity as a sodium channel opener include, but are not limited to,
SDZ-201106 (x) (DPI-201106), SDZ-201106 (-),
SDZ-201106 (+), Aconitine, Anemone Toxin II, Batra-
chotoxin, Brevetoxin 2 and 9, Grayanotoxin III, Monensin,
Veratridine, and - and f-Pompilidotoxin. In a particular
embodiment, the sodium channel opener is SDZ-201106
(Enzo Life Sciences, Inc., Plymouth Meeting, Pa., USA).

In one embodiment, provided herein are compounds with
activity as a calcium channel opener. Without being limited
by theory, it is thought that compounds with activity as a
calcium channel opener are useful for the inhibition or reduc-
tion of the replication of negative-sense, single-stranded
RNA viruses and, accordingly, are useful as antiviral agents.
Accordingly, provided herein are methods for using calcium
channel openers for the inhibition or reduction of the repli-
cation of negative-sense, single-stranded RNA viruses.

In a particular embodiment, compounds which have activ-
ity as a calcium channel opener include, but are not limited to,
BAY K8644 (x) and FPL-64176 (Sigma-Aldrich, St. Louis,
Mo., USA).

In one embodiment, provided herein are compounds with
activity as Na*/K*/ATPase pump inhibitors. Without being
limited by theory, it is thought that compounds with activity
as Na*/K*/ATPase pump inhibitors are useful for the inhibi-
tion or reduction of the replication of negative-sense, single-
stranded RNA viruses and, accordingly, are useful as antiviral
agents. Accordingly, provided herein are methods for using
Na*/K*/ATPase pump inhibitors for the inhibition or reduc-
tion of the replication of negative-sense, single-stranded
RNA viruses.

In a particular embodiment, compounds which have activ-
ity as Na*/K*/ATPase pump inhibitors include, but are not
limited to, cardioactive glycosides. Illustrative examples of
cardioactive glycosides include, but are not limited to, oua-
bain, digoxin, lanatoside C, and strophanthidin (Sigma-Ald-
rich, St. Louis, Mo., USA).

In a particular embodiment, compounds which inhibit or
reduce the replication of negative-sense, single-stranded
RNA viruses include, but are not limited to rottlerin,
Aurothioglucose hydrate, Bisindolylmaleimide II, 1V, VI,
VII, VIIL, X and X1, G66983, G66976, Myristoylated PKCC,
Peptide Inhibitor, HBDDE, Ro 32-0432, CGP-53353,
Calphostin C (UCN-1028C), Chelerythrine Chloride, GF
109203X, 1-O-Hexadecyl-2-O-acetyl-sn-glycerol, (x)1-O-
Hexadecyl-2-O-methylglycerol, HA-100, Hypericin, Ilmo-
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fosine semisolid, Myristoylated PKC (20-28), Myristoylated
EGFR Fragment (651-658), K-252b solution, KRIBB3,
NPC-15437 dihydrochloride hydrate, Ro 31-8220, Phloretin,
Protein Kinase C (19-31), Protein Kinase C Pseudosubstrate
(19-36), Sphingosine, D-erythro, Staurosporine, Tamoxifen,
UCN-01, SDZ-201106 (=) (DPI-201106), SDZ-201106 (-),
SDZ-201106 (+), digoxin, Aconitine, Anemone Toxin II,
Batrachotoxin, Brevetoxin 2 and 9, Grayanotoxin I1I, Mon-
ensin, Veratridine, a- and f-Pompilidotoxin, and 12(S),20-
diHETE, Antimycin A, Niclosamide, Quinacrine Hydrochlo-
ride, Digitoxigenin, Anisomycin, Cephaeline, Mitoxanthrone
Hydrochloride, Mycophenolic Acid, Emitine Hydrochloride,
Ellipticine, Papaverine Hydrochloride, Daunorubicin hydro-
chloride, Dequalinium Hydrochloride, Monensin Sodium
Salt, Lasalocid Sodium, Strophanthidin, Cycloheximide,
5-Azacytidine, Gossypol, FEthaverine Hydrochloride,
Digoxigenin, Proscillaridin A, Pyrvinium pamoate, Doxoru-
bicin, Tyrphostin 9,5-iodotubercidin, Diphenyleneiodonium,
Valinomycin, Mycophenolic acid, Z-Leu3-VS, Oligomycin
A, PD 98059, L.Y-83583, Aklavain Hydrocloride, Acrifla-
vinium Hydrocloride, Acrisorcin, Homidium Bromide, Pyrv-
inium Pamoate, Anisomycin, Lasalocid Sodium, Mycophe-
nolic Acid, Actinomycin D, Teniposide, Cycloheximide,
Pyrromycin, Mercaptopurine, Lapachol, Clotrimazole, Aza-
thioprine, Camptothecin, Chlorhexidine hydrochloride,
Phenformin hydrochloride, Atovaquone, Methotrexate, Ber-
berine Chloride, Thioguanosine, Conessine, Methylbenztho-
nium Chloride, Benzethonium Chloride, Atenolol, Esculetin
(6,7-Dihydroxycoumarin), Tracazolate, Naftifine hydrochlo-
ride, Halofantrine hydrochloride, 2,5-ditertbutylhydro-
quinone, FCCP, KT-5720, PCA 4248, Mitomycin C, Rosco-
vitine, Nimesulide, U-0126, SU-4312, SB-431542,
Cytochalasin D, EHNA, Etoposide, Chloroxine, Hycan-
thone, Magnocurarine Iodide, 2,4-Dinitrophenol, Mechlore-
thamine, Topotecan Hydrochloride, and Rosolic Acid.

In a specific embodiment, compounds which inhibit or
reduce the replication of negative-sense, single-stranded
RNA viruses include, but are not limited to ouabain and
lanatoside C. In a particular embodiment, ouabain and lana-
toside C are useful for inhibiting or reducing the replication of
negative-sense, single-stranded segmented RNA viruses. In
one embodiment, the virus is influenza A or B, parainfluenza
or respiratory syncytial virus (“RSV”). In one embodiment,
the virus is not Sendai virus.

In a specific embodiment, a compounds which inhibits or
reduces the replication of negative-sense, single-stranded
RNA viruses is strophanthidin. In a particular embodiment,
strophanthidin is useful for inhibiting or reducing the repli-
cation of negative-sense, single-stranded segmented RNA
viruses. In one embodiment, the virus is influenza A or B,
parainfluenza or respiratory syncytial virus (“RSV”). In one
embodiment, the virus is not Sendai virus.

In a specific embodiment, compounds which inhibit or
reduce the replication of negative-sense, single-stranded
RNA viruses include, but are not limited to ouabain, lanato-
side C, digoxigenin, rottlerin, strophanthidin, Esculetin (6,7-
Dihydroxycoumarin), SB-431542, EHNA, SDZ-201106 (z)
(DPI-201106).

In some embodiments, compounds which inhibit or reduce
the replication of negative-sense, single-stranded RNA
viruses include, but are not limited to, a compound of formula
C2 or pharmaceutically acceptable salts, hydrates, solvates,
and prodrugs thereof. The compound of formula C2 (9-
(benzo[d][1,3]dioxol-5-y1)-4-hydroxy-6,7-dimethoxynaph-
tho[2,3-c]furan-1(3H)-one) can be obtained commercially
from AKos Consulting and Solutions GmbH, Steinen, Ger-
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many (Order Number AKG-4466-1901) or ZereneX Molecu-
lar Limited, Greater Manchester, United Kingdom (Order
Number ZBioX-0173).

C2
OH

/O

6]
\O

(6]

O

o—/

In some embodiments, compounds which inhibit or reduce
the replication of negative-sense, single-stranded RNA
viruses include, but are not limited to, compounds of formula
A3, A3-2, A3-3, A3-4, A3-5 or A3-6 or pharmaceutically
acceptable salts, hydrates, solvates, and prodrugs thereof. The
compound of formula A3 (2-(5-(2,3-dimethyl-1H-indol-5-
yD-1,3,4-oxadiazol-2-ylthio)-1-(pyrrolidin-1-yl)ethanone),
A3-2 (2-(5-(2,3-dimethyl-1H-indol-5-y1)-1,3,4-oxadiazol-2-
ylthio)-N,N-diethylacetamide), A3-3 (2-(5-(2,3-dimethyl-
1H-indol-5-y1)-1,3,4-oxadiazol-2-ylthio)-1-(indolin-1-y1)
ethanone), A3-4 (2-(5-(2,3-dimethyl-1H-indol-5-y1)-1,3,4-
oxadiazol-2-ylthio)-N,N-diisopropylacetamide), A3-5 (2-(5-
(2,3-dimethyl-1H-indol-5-y1)-1,3,4-oxadiazol-2-ylthio)-1-
morpholinoethanone) and A3-6 (1-(azepan-1-y1)-2-(5-(2,3-
dimethyl-1H-indol-5-y1)-1,3 ,4-oxadiazol-2-ylthio)
ethanone) can be obtained commercially from Aurora Fine

Chemicals LLC, San Diego, USA (Order Numbers kasi-
277398, kasi-277402, kasi-277404, kasi-277407, Kkasi-
277419, and kasi-277425) or Ryan Scientific Inc., Mt. Pleas-
ant, USA (Order Numbers ASN(04454782, ASN04454791,
ASN04454796, ASN04454800, ASN04454819,
ASN04454828).
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In some embodiments, compounds which inhibit or reduce
the replication of negative-sense, single-stranded RNA
viruses include, but are not limited to, compounds of formula
A3-G

A3-G
Rl

b~

N\Rz

7

or pharmaceutically acceptable salts, hydrates, solvates, pro-
drugs and stereoisomers thereof, wherein:

R! and R? are at each occurrence independently a C,-Cy

. alkyl group; or

R! and R?, together with the nitrogen atom R' and R are
bound to, form a 3 to 8 membered saturated heterocyclic ring.

Compounds of formula A3-G may be obtained by the
chemical synthesis described below or any other method
known to the skilled artisan.
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2,3-dimethyl-1H-indole-5-carbohydrazide (1) (ChemCol-
lect GmbH, Remscheid, Germany; Order Number
HY008960) may be reacted with carbon disulfide and a suit-
able base, such as potassium hydroxide, in a suitable solvent,
such as methanol, at elevated temperature, such as 65° C. for
an appropriate time, such as 7-24 hrs to give 5-(2,3-dimethyl-
1H-indol-5-y1)-1,3,4-oxadiazole-2-thiol (2). See Boschelli et
al., J. Med. Chem., 1993, 36(13), 1802. Alternatively, the
oxadiazole (2) may be obtained reacting indole (1) with car-
bon disulfide, Al,0; and potassium hydroxide under micro-
wave irradiation. See Khan et al., Letters in Organic Chem-
istry, 2006, 3, 286. See also Padhy, Indian J. Chem., 2003,
40B, 910; Young et al., J. Am. Chem. Soc., 1955, 77, 118;
El-Emam et al., J. Chem. Soc. Pak., 1987, 9, 87. Ester (4) may
be obtained by alkylating oxadiazole (2) with a suitable alky-
lating agent (5), wherein X is a leaving group, such as a Cl, Br,
I, or —SO,Me or any of the leaving groups described in
March, Advanced Organic Chemistry, 4” Edition, John Wiley
& Sons New York (1992), pp. 352-357 and R is a suitable
alkyl group, such as methyl or ethyl, using a suitable base,
such as potassium carbonate, in a suitable solvent, such as
acetonitrile, at a suitable temperature, such as room tempera-
ture to 82° C. In one embodiment thiol (2) may be reacted
with bromo methylacetate (Sigma-Aldrich, Milwaukee,
USA, Order Number 303208) in acetonitrile using potassium
carbonate to give ester (4), wherein R is methyl. Amide (6)
may be obtained by reacting NHR'R?, commercially avail-
able or synthesized as described in March, Advanced Organic
Chemistry, 4% Edition, John Wiley & Sons New York (1992),
with ester (4). See Zabicky, The Chemistry of Amides, Wiley,
New York (1970), pp. 96-105. For a list of reagents with
references, see Larock, Comprehensive Organic Transforma-
tions, VCH New York (1989), pp. 987-988. Strong basic
catalysis may be employed, as well as catalysis by cyanide
ions or high pressure. See Matsumoto et al., Chem. Ber.,
1989, 122, 1357; Hogberg et al., J. Org. Chem., 1987, 52,
2033. Alternatively, ester (4) may be hydrolyzed using a
suitable base, such as lithium hydroxide, in a suitable solvent
or solvent mixture, such as dioxane and water, at a suitable
temperature, such as room temperature or 50° C. to give acid
(5). Other exemplary methods to hydrolyze esters that may be
employed in the synthesis of acid (5) are well-known in the
literature and described in March, Advanced Organic Chem-
istry, 4™ Edition, John Wiley & Sons New York (1992), pp.
378-383. Amide (6) may be obtained by reacting acid (5) with
a suitable activating agent, such as a mixture of 1-hydroxy-
benzotriazole and N,N'-dicyclohexylcarbodiimide, in pres-
ence of a suitable base, such as diisopropylethylamine, and
HNR'R? in a suitable solvent, such as N,N-dimethylforma-
mide. Other methods that may be employed to form amide (6)
by reacting HNR'R? with acid (5) are well-known in the art
and described in March, Advanced Organic Chemistry, 4%
Edition, John Wiley & Sons New York (1992), pp. 419-421.

In some embodiments, compounds which inhibit or reduce
the replication of negative-sense, single-stranded RNA
viruses include, but are not limited to, compounds of formula
A35,A35-1,A35-4, or A35-5 or pharmaceutically acceptable
salts, hydrates, solvates, and prodrugs thereof. The compound
of formula A35 (4-(4-bromophenyl)-N-methyl-N-(tetrahy-
dro-1,1-dioxido-3-thienyl)-2-thiazolamine) can be obtained
commercially from Aurora Fine Chemicals LLC, San Diego,
USA (Order Number kcheb-095109) or Ryan Scientific Inc.,
Mt. Pleasant, USA (Order Number BAS13027502). The
compound of formula A35-1 (N-methyl-4-(4-nitrophenyl)-
N-(phenylmethyl)-2-thiazolamine) can be obtained commer-
cially from Aurora Fine Chemicals LL.C, San Diego, USA
(Order Number kcheb-066010) or Ryan Scientific Inc., Mt.

20

25

30

35

40

45

50

55

60

65

30

Pleasant, USA (Order Number .T01281147). The compound
of formula A35-4 (4-[[4-(4-chlorophenyl)-1,3-thiazol-2-yl]
(methyl)amino]phenol) can be obtained commercially from
ChemBridge Corporation, San Diego, USA (Order Number
7875580). The compound of formula A35-5 (4-(4-chlorophe-
nyl)-N,N-dimethylthiazol-2-amine) can be obtained com-
mercially from Ryan Scientific Inc., Mt. Pleasant, USA (Or-
der Number AB-601/30966011).

A35
N
| \
I\
A35-1
e
al A35-4
N
\_/
| S>—
OH
A35-5

[ )

In one embodiment, the virus is influenza virus, NDV, or
VSV. In particular embodiments, the influenza virus is influ-
enza A virus. In other embodiments, the influenza virus is
influenza B virus. In some embodiments, the compound
inhibits replication of influenza A virus but not influenza B
virus. In some embodiments, the compound inhibits influenza
A virus, but not influenza B virus, NDV or VSV. In some
embodiments, the compound is a selective inhibitor of influ-
enza A virus. In a particular embodiment, the negative-sense,
single-stranded RNA virus is a segmented negative-sense,
single-stranded RNA virus. In a specific embodiment, the
virus is influenza A or B virus, parainfluenza virus or RSV. In
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one embodiment, the virus is not a rhabdovirus. In some
embodiments, the negative-sense, single-stranded RNA virus
is a non-segmented negative-sense, single-stranded RNA
virus. In one embodiment, the virus is NDV or VSV.

In particular embodiments, compounds which inhibit or
reduce the replication of negative-sense, single-stranded
RNA viruses inhibit one or more of the following steps of the
viral life cycle: viral entry, RNA replication, or RNA tran-
scription. In a particular embodiment, the compound inhibits
viral entry by endocytosis. In particular embodiments, the
compounds inhibits entry of viruses that enter cells by
endocytosis but not entry of viruses that enter cells by direct
fusion with the plasma membrane. The effect of a compound
on the different steps of the viral life cycle may be assayed
using techniques known to one of skill in the art. RNA repli-
cation and transcription may be measured by measuring the
replication and transcription of reporter gene product from an
influenza virus mini-genome reporter construct, using, e.g.,
the assays disclosed herein. Such assays permit the identifi-
cation of inhibitors of the viral polymerase or inhibitors of
cellular proteins that are involved in viral RNA replication,
translation or RNA trafficking. In some embodiments, the
compound does not have an inhibitory effect on the overall
host cell replication machinery, or has only a slight inhibitory
effect compared to the effect on viral replication, as moni-
tored by assays such as, e.g., the expression of a renilla
luciferase reporter from a control plasmid (e.g., pGL3
described in Section 6 below).

In other embodiments, the inhibitors of the invention alter
the kinetics of the viral cycle, e.g., the rate of viral replication
or particle production is decreased. In some embodiments,
the kinetic effect of a compound is measured by adding the
compound to a cell at different times (e.g., before, concur-
rently with, or after) infection with a virus.

Accordingly, in certain embodiments, provided herein are
methods for using one or more PKC inhibitors, sodium chan-
nel openers, calcium channel openers or Na*/K*/ATPase
pump inhibitors, including those set forth herein, for the
inhibition or reduction of the replication of negative-sense,
single-stranded segmented RNA viruses, including, but not
limited to, influenza A or B virus, parainfluenza virus or RSV.
In other embodiments, provided herein are methods for using
one or more PKC inhibitors, sodium channel openers, cal-
cium channel openers or Na*/K*/ATPase pump inhibitors,
including those set forth herein, for the inhibition or reduction
of the replication of negative-sense, single-stranded seg-
mented RNA viruses such as NDV or VSV. In other embodi-
ments, provided herein are methods for using one or more of
a compound with the formula A3-G, including, but not lim-
ited to, 2-(5-(2,3-dimethyl-1H-indol-5-y1)-1,3,4-oxadiazol-
2-ylthio)-1-(pyrrolidin-1-yl)ethanone (“A3”); 2-(5-(2,3-dim-
ethyl-1H-indol-5-y1)-1,3,4-oxadiazol-2-ylthio)-N,N-
diethylacetamide (“A3-2”); 2-(5-(2,3-dimethyl-1H-indol-5-
yD)-1,3,4-o0xadiazol-2-ylthio)-1-(indolin-1-yl)ethanone
(“A3-3”); 2-(5-(2,3-dimethyl-1H-indol-5-y1)-1,3,4-oxadia-
zol-2-ylthio)-N,N-diisopropylacetamide (“A3-4"); 2-(5-(2,
3-dimethyl-1H-indol-5-y1)-1,3,4-oxadiazol-2-ylthio)-1-
morpholinoethanone (“A3-5”); or 1-(azepan-1-y1)-2-(5-(2,3-
dimethyl-1H-indol-5-y1)-1,3,4-oxadiazol-2-ylthio)ethanone
(“A3-6") for the inhibition or reduction of the replication of
negative-sense, single-stranded segmented RNA viruses,
including, but not limited to, influenza A or B virus, parain-
fluenza virus, RSV, VSV or NDV. In other embodiments,
provided herein are methods for using one or more of a
compound with the formula A3 for the inhibition or reduction
of the replication of negative-sense, single-stranded seg-
mented RNA viruses, including, but not limited to, influenza
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A or B virus, parainfluenza virus, RSV, VSV or NDV. In other
embodiments, provided herein are methods for using one or
more of a compound with the formula A3-2, A3-3, A3-4,
A3-5, or A3-6 for the inhibition or reduction of the replication
of negative-sense, single-stranded segmented RNA viruses,
including, but not limited to, influenza A or B virus, parain-
fluenza virus, RSV, VSV or NDV.

In other embodiments, provided herein are methods for
using one or more of a compound with the formula 4-(4-
bromophenyl)-N-methyl-N-(tetrahydro-1,1-dioxido-3-thie-
nyl)-2-thiazolamine (“A35”); N-methyl-4-(4-nitrophenyl)-
N-(phenylmethyl)-2-thiazolamine  (“A35-17);  4-[[4-(4-
chlorophenyl)-1,3-thiazol-2-yl|(methyl)amino]phenol
(“A35-4”); or 4-(4-chlorophenyl)-N,N-dimethylthiazol-2-
amine (“A35-5”) for the inhibition or reduction of the repli-
cation of negative-sense, single-stranded segmented RNA
viruses, including, but not limited to, influenza A or B virus,
parainfluenza virus, RSV, VSV or NDV. In certain specific
embodiments, provided herein are methods for using one or
more of a compound with the formula A35 for the inhibition
or reduction of the replication of negative-sense, single-
stranded segmented RNA viruses, including, but not limited
to, influenza A or B virus, parainfluenza virus, RSV, VSV or
NDV.

In other embodiments, provided herein are methods for
using one or more of a compound with the formula 9-(benzo
[d][1,3]dioxol-5-y])-4-hydroxy-6,7-dimethoxynaphtho[2,3-
clfuran-1(3H)-one (“C2”) for the inhibition or reduction of
the replication of negative-sense, single-stranded segmented
RNA viruses, including, but not limited to, influenza A or B
virus, parainfluenza virus, RSV, VSV or NDV.

In certain of the above embodiments, the inhibitor is not a
compound of the formula C2. In certain embodiments, the
negative-sense, single-stranded RNA virus is an influenza
virus. In certain embodiments, the negative-sense, single-
stranded RNA virus is not VSV.

5.1.2 Enhancers of Viral Replication

In one embodiment, provided herein are compounds with
activity as activators of PKC. Without being limited by
theory, it is thought that compounds with activity as activators
of PKC are useful for the enhancement of the replication of
negative-sense, single-stranded RNA viruses and, accord-
ingly, are useful for increasing replication of viral vaccine
candidates in substrates for the propagation of viruses (e.g.,
tissue culture). Accordingly, provided herein are methods for
using activators of PKC for the enhancement of the replica-
tion of negative-sense, single-stranded RNA viruses.

In a particular embodiment, compounds which have activ-
ity as activators of PKC include, but are not limited to, phor-
bol-12-myristate-13-acetate (“PMA”), mezerein, 12-Deoxy-
phorbol  13-acetate  (Prostratin),  12-Deoxyphorbol
13-phenylacetate 20-acetate (dPPA, DOPPA) (PKCf), Phor-
bol 12,13-dibutyrate, Phorbol 12,13-didecanoate, L-a-Phos-
phatidylinositol-3,4-bisphosphate. SNH, (PtdIns-3,4-P,)
(PKCH, PKCe, PKCm), L-a-Phosphatidylinositol-3,4,5-
trisphosphate.7Na (PtdIns-3,4,5-P;) (PKCd, PKCe, PKCn),
DCP-LA (PKCe), (+)1,2-Didecanoylglycerol (10:0), (£)1,2-
Dioleoylglycerol (18:1), Lipoxin A,, 1-O-Hexadecyl-2-O-
arachidonoyl-sn-glycerol, 1-Oleoyl-2-acetyl-sn-glycerol
(OAG), N-(6-Phenylhexyl)-5-chloro-1-naphthalenesulfona-
mide, R 59022, R 59949, RHC-80267 (U-57908), 1-Stearoyl-
2-arachidonoyl-sn-glycerol, 1-Stearoyl-2-linoleoyl-sn-glyc-
erol, Bryostatin 1, Farnesyl Thiotriazole, Ingenol 3,20-
dibenzoate, (-)-7-Octylindolactam V, SC-10, Thymeleatoxin
(PKCa, PKCpI, PKCy), and 1,2-dioctanoyl-sn-glycerol. Par-
ticular PKC isoforms or isotypes that certain compounds are
useful for activating are set forth in parentheses following the
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compound name. In particular embodiments, the PKC acti-
vator is phorbol 12-myristate 13-acetate (PMA) or mezerein
(Sigma-Aldrich, St. Louis, Mo., USA).

In one embodiment, provided herein are compounds with
activity as sodium channel inhibitors or inhibitors of epithe-
lial sodium channels. Without being limited by theory, it is
thought that compounds with activity as sodium channel
inhibitors or inhibitors of epithelial sodium channels are use-
ful for the enhancement of the replication of negative-sense,
single-stranded RNA viruses and, accordingly, are useful for
increasing replication of viral vaccine candidates in sub-
strates for the propagation of viruses (e.g., tissue culture).
Accordingly, provided herein are methods for using sodium
channel inhibitors or inhibitors of epithelial sodium channels
for the enhancement of the replication of negative-sense,
single-stranded RNA viruses.

In a particular embodiment, compounds which have activ-
ity as sodium channel inhibitors or inhibitors of epithelial
sodium channels include, but are not limited to, amiloride
derivatives. In a specific embodiment, compounds which
have activity as sodium channel inhibitors or inhibitors of
epithelial sodium channels include, but are not limited to,
phenamil, 2'.4'-dichlorobenzamil, 3'.4'-dichlorobenzamil,
5-(N,N-Dimethyl)amiloride. HCl, 5-(N,N-Hexamethylene)
amiloride, 5-(N-Ethyl-N-isopropyl)amiloride, 5-(N-Methyl-
N-isobutyl)amiloride, Amiloride. HCl, ATX II (recombinant),
BIA 2-093, Benzamil. HCl, Bupivacaine, Carbamazepine,
p-Conotoxin GIIIB, Disopyramide, Flecainide acetate salt,
Kavain (+/-), KR-32568, Lamotrigine, Lappaconitine.HBr,
Lidocaine, Metolazone, Mexiletine. HC1, PD-85639, Phe-
namil methanesulfonate salt, Procainamide, Procaine,
QX-314, R(-)-Me5.HCl, Riluzole, Tetrodotoxin, and
Tocainide. HCI. In particular embodiments, the sodium chan-
nel inhibitor is phenamil or 3',4'-dichlorobenzamil (Sigma-
Aldrich, St. Louis, Mo., USA) or 2'.4'-dichlorobenzamil
(BIOMOL International, L.P., Plymouth Meeting, Pa., USA).

It should be noted that in contrast to the present findings,
amiloride derivatives have been reported to inhibit the repli-
cation of several RNA viruses such as human immunodefi-
ciency virus (HIV-1) (Ewart, G. D., Mills, K., Cox, G. B. and
Gage, P. W. (2002) Amiloride derivatives block ion channel
activity and enhancement of virus-like particle budding
caused by HIV-1 protein Vpu. Eur. Biophys. J. 31(1): 26-35),
human rhinovirus (Gazina, E. V., Harrison, D. N., Jefferies,
M., Tan, H., Williams, D., Anderson, D. A. and Petrou, S.
(2005) Ion transport blockers inhibit human rhinovirus 2
release. Antiviral Res. 67(2): 98-106), coxsackievirus (Harri-
son, D. N., Gazina, E. V., Purcell, D. F., Anderson, D. A. and
Petrou, S. (2008) Amiloride derivatives inhibit coxsackievi-
rus B3 RNA replication. J. Virol. 82(3): 1465-73) and coro-
naviruses (Wilson L., Gage P. and Ewart G. (2006) Hexam-
ethtlene amiloride blocks E protein ion channels and inhibits
coronavirus replication. Virology 353(2):294-306).

In one embodiment, provided herein are compounds with
activity as calcium channel inhibitors. Without being limited
by theory, it is thought that compounds with activity as cal-
cium channel inhibitors are useful for the enhancement of the
replication of negative-sense, single-stranded RNA viruses
and, accordingly, are useful for increasing replication of viral
vaccine candidates in substrates for the propagation of viruses
(e.g., tissue culture). Accordingly, provided herein are meth-
ods for using calcium channel inhibitors for the enhancement
of the replication of negative-sense, single-stranded RNA
viruses.

In a particular embodiment, compounds which have activ-
ity as calcium channel inhibitors include, but are not limited
to, w-Agatoxin TK, Amiloride. HCl, Amlodipine, 2-APB,
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Calciseptine, Cilnidipine, w-Conotoxin GVIA, w-Conotoxin
MVIIC, 2'.4'-Dichlorobenzamil. HCI, Diltiazem . HCI, L-cis-
Diltiazem.HCI, Felodipine, Flunarizine.2HCI, Gabapentin,
Isradipine, Kurtoxin (e.g., recombinant Kurtoxin), Nife-
dipine, Niguldipine.HCl, Nimodipine, Nitrendipine, SDZ-
202 791 R(-), SK&F 96365, SNX-482, Tetrandrine, and
Verapamil HCL. In certain embodiments, the calcium channel
inhibitor is Amiloride.HCI (Sigma-Aldrich, St. Louis, Mo.,
USA) or 2',4'-Dichlorobenzamil. HCI (BIOMOL, Plymouth
Meeting, Pa., USA).

Ina particular embodiment, compounds which enhance the
replication of negative-sense, single-stranded RNA viruses
include, but are not limited to amiloride derivatives, PMA,
mezerein, 12-Deoxyphorbol  13-acetate  (Prostratin),
12-Deoxyphorbol  13-phenylacetate 20-acetate (dPPA,
DOPPA), Phorbol 12,13-dibutyrate, Phorbol 12,13-dide-
canoate, L-a-Phosphatidylinositol-3,4-bisphosphate. SNH;
(PtdIns-3,4-P,), L-a-Phosphatidylinositol-3,4,5-
trisphosphate.7Na (PtdIns-3,4,5-P;), DCP-LA, (£)1,2-Dide-
canoylglycerol (10:0), (z)1,2-Dioleoylglycerol (18:1),
Lipoxin A,, 1-O-Hexadecyl-2-O-arachidonoyl-sn-glycerol,
1-Oleoyl-2-acetyl-sn-glycerol (OAG), N-(6-Phenylhexyl)-5-
chloro-1-naphthalenesulfonamide, R 59022, R 59949, RHC-
80267 (U-57908), 1-Stearoyl-2-arachidonoyl-sn-glycerol,
1-Stearoyl-2-linoleoyl-sn-glycerol, Bryostatin 1, Farnesyl
Thiotriazole, Ingenol 3,20-dibenzoate, (-)-7-Octylindolac-
tam V, SC-10, Thymeleatoxin, phenamil, 2'.4'-dichloroben-
zamil, 3',4'-dichlorobenzamil, 5-(N,N-Dimethyl)amiloride-
HCl, 5-(N,N-Hexamethylene)amiloride, 5-(N-Ethyl-N-
isopropyl)amiloride,  5-(N-Methyl-N-isobutyl)amiloride,
Amiloride.HCl, ATX II (recombinant), BIA 2-093, Ben-
zamil. HCl, Bupivacaine, Carbamazepine, p-Conotoxin
GIIIB, Disopyramide, Flecainide acetate salt, Kavain (+/-),
KR-32568, Lamotrigine, Lappaconitine.HBr, Lidocaine,
Metolazone, Mexiletine. HC1, PD-85639, Phenamil methane-
sulfonate salt, Procainamide, Procaine, QX-314, R(-)-
Me5.HCl, Riluzole, Tetrodotoxin, Tocainide. HC1, HNMPA -
(AM);, AG-1296, and Paclitaxel.

In a specific embodiment, compounds which enhance the
replication of negative-sense, single-stranded RNA viruses
include, but are not limited to EHNA, HNMPA-(AM)3,
AG-1296, phenamil, Amiloride. HCI, 2',4'-dichlorobenzamil,
3' 4'-dichlorobenzamil, and Phenamil methanesulfonate salt.

In a particular embodiment, the negative-sense, single-
stranded RNA virus is a segmented negative-sense, single-
stranded RNA virus. In another embodiment, the negative-
sense, single-stranded RNA virus is a non-segmented
negative-sense, single-stranded RNA virus. In a specific
embodiment, the negative-sense, single-stranded RNA virus
is influenza virus A or B, parainfluenza virus, measles virus,
mumps virus or RSV.

Accordingly, in certain embodiments, provided herein are
methods for using one or more PKC activators, sodium chan-
nel inhibitors or calcium channel inhibitors, including those
set forth herein, for the enhancement of the replication of
negative-sense, single-stranded segmented RNA viruses,
including, but not limited to, influenza A or B virus, parain-
fluenza virus, measles virus, mumps virus or RSV. In other
embodiments, provided herein are methods for using one or
more PKC activators, sodium channel inhibitors or calcium
channel inhibitors, including those set forth herein, for the
enhancement of the replication of negative-sense, single-
stranded segmented RNA viruses, including, NDV or VSV.
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Illustrative amiloride derivatives include, but are not lim-
ited to, compounds of the formula:

0 NHR
RS N, =
| X N NI,
=
R’ N NH,

and pharmaceutically acceptable salts, hydrates, solvates,
prodrugs and stereoisomers thereof, wherein:

R is H, phenyl, or a substituted or unsubstituted alkyl
group;

R? is H or a substituted or unsubstituted amino group; and

RS is H or halogen.

Further illustrative amiloride derivatives include, but are
not limited to, compounds of the formula:

(€]
Cl N,
e
Z
HN N NH,

and pharmaceutically acceptable salts, hydrates, solvates,
prodrugs and stereoisomers thereof, wherein:

R is hydroxy, a substituted or unsubstituted guanidino
group, or a thiourea group.

Compounds of the formulas set forth above can be made by
one skilled in the art using commercially available reagents.

In a particular embodiment, an amiloride analog is a com-
pound disclosed in Kleyman and Cragoe, 1988, “Amiloride
and Its Analogs as Tools in the Study of lon Transport,” J.
Membrane Biol. 105:1-21, which is incorporated by refer-
ence herein in its entirety.

Tlustrative examples of calcium channels that compounds
set forth herein are useful for inhibiting or activating include,
but are not limited to, N-type, L-type, P-type, Q-type, R-type
and T-type. A representative compound that modulates
N-type calcium channels is w-Conotoxin GVIA. Represen-
tative compounds that modulate L-type calcium channels
include, but are not limited to FPL-64176, Amlodipine, Cal-
ciseptine, Diltiazem.HCl, Felodipine, FPL-64176, Gabapen-
tin, Isradipine, Nifedipine, Niguldipine.HCI, SDZ-202 791
R(-), and Verapamil HCI. A representative compound that
modulates P-type calcium channels is w-Agatoxin TK. A
representative compound that modulates R-type calcium
channels is SNX-482. Representative compounds that modu-
late T-type calcium channels include, but are not limited to
Amiloride.HC], Flunarizine.2HCl, and Kurtoxin (e.g.,
recombinant Kurtoxin). A dual L-type and N-type calcium
channel inhibitor is Cilnidipine. A dual N-type and Q-type
calcium channel inhibitor is w-Conotoxin MVIIC. A dual
L-type and T-type calcium channel inhibitor is Tetrandrine.

5.2 Screening Assays for Compounds that Modulate
Virus Replication

The present invention provides high throughput screening
assays for the identification of compounds that modulate the
replication of negative-sense, single-stranded RNA viruses.
In some embodiments, the high throughput screening assays
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involve the use of mini-genome reporter constructs compris-
ing a reporter gene flanked by the 3' and 5' incorporation
signals which are required for proper replication, transcrip-
tion, and packaging of the negative-sense, single-stranded
RNA virus RNA to identify compounds that modulate viral
replication, in particular the replication of the viral genome
and/or the production of viral proteins. The mini-genome
reporter construct is transfected into cells, the cells are
infected with a negative-sense, single-stranded RNA virus,
and the expression or activity of a reporter gene product is
measured as a means of determining viral replication. Alter-
natively, the cells are infected with a negative-sense, single-
stranded RNA virus, transfected with the mini-genome
reporter construct, and expression or activity of a reporter
gene product is measured. In a specific embodiment, the
mini-genome reporter construct comprises a reporter gene
flanked by the 3' and 5' signals which are required for proper
transcription by RNA polymerase I and recognition and tran-
scription by the negative-sense, single-stranded RNA virus
polymerase. The cells can be infected with different MOIs
(e.g., 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 2.5, or 5) and the
effect of compounds can be assessed in the screening assays.
The effect of different concentrations of the compounds can
also be assessed using in the screening assays. The expression
or activity of a reporter gene product can be measured at
different times post-infection. For example, the expression or
activity of a reporter gene product may be measured 6 hours,
12 hours, 16 hours, 24 hours, 48 hours or 72 hours post-
infection. A compound that increases viral replication will
increase the expression or activity of the reporter gene prod-
uct relative to a negative control. In contrast, a compound that
decreases viral replication will decrease the expression or
activity of the reporter gene product relative to a negative
control.

In a specific embodiment, the high throughput screening
assay to identify a compound that modulates the replication
of a negative-sense, single-stranded RNA virus comprises:
(a) contacting a compound or a member of a library of com-
pounds with a cell transfected with a mini-genome reporter
construct, wherein the mini-genome reporter construct com-
prises a reporter gene flanked by the 3' and 5' signals which
are required for proper transcription by RNA polymerase |
and recognition and transcription by the negative-sense,
single-stranded RNA virus polymerase; (b) infecting the cell
with a negative-sense, single-stranded RNA virus in the pres-
ence of the compound; and (c) measuring the expression or
activity of a reporter gene product. In certain embodiments,
the cell is infected with the negative-sense, single-stranded
RNA virus 5 seconds, 15 seconds, 1 minute, 5 minutes, 15
minutes, 30 minutes, 1 hour, 2 hours, 6 hours, 12 hours, 16
hours or 24 hours after the cell is contacted with the com-
pound or library of compounds. In another embodiment, the
high throughput screening assays comprise: (a) infecting the
cell with a negative-sense, single-stranded RNA virus in the
presence of a compound or a member of a library of com-
pounds, wherein the cell is transfected with a mini-genome
reporter construct, and the mini-genome reporter construct
comprises a reporter gene flanked by the 3' and 5' signals
which are required for proper transcription by RNA poly-
merase | and recognition and transcription by the negative-
sense, single-stranded RNA virus polymerase; and (b) mea-
suring the expression or activity of a reporter gene product. In
certain embodiments, the cell is infected with the negative-
sense, single-stranded RNA virus 5 seconds, 15 seconds, 1
minute, 5 minutes, 15 minutes, 30 minutes, 1 hour, 2 hours, 6
hours, 12 hours, 16 hours or 24 hours after transfection of the
mini-genome reporter construct. In certain embodiments, the
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cell is infected with the virus 5 seconds, 15 seconds, 1 minute,
5 minutes, 15 minutes, 30 minutes, 1 hour, 2 hours, 6 hours,
12 hours, 16 hours or 24 hours after the cell is contacted with
the compound or library of compounds. In certain embodi-
ments, the cell is contacted with the compound or library of
compound 5 seconds, 15 seconds, 1 minute, 5 minutes, 15
minutes, 30 minutes, 1 hour, 2 hours, 6 hours, 12 hours, 16
hours or 24 hours after the cell is infected with the negative-
sense, single-stranded RNA virus. In another embodiment,
the high throughput screening assays comprise: (a) infecting
a cell transfected with a mini-genome reporter construct with
a negative-sense single-stranded RNA virus, wherein the
mini-genome reporter construct comprises a reporter gene
flanked by the 3' and 5' signals which are required for proper
transcription by RNA polymerase [ and recognition and tran-
scription by the negative-sense, single-stranded RNA virus
polymerase; (b) contacting the cell with the compound or
library of compounds; and (c¢) measuring the expression or
activity of a reporter gene product. In certain embodiments,
the cell is contacted with the compound or library of com-
pound 5 seconds, 15 seconds, 1 minute, 5 minutes, 15 min-
utes, 30 minutes, 1 hour, 2 hours, 6 hours, 12 hours, 16 hours
or 24 hours after infection with the negative-sense, single-
stranded RNA virus.

In another embodiment, the high throughput screening
assay to identify a compound that modulates the replication
of a negative-sense, single-stranded RNA virus comprises:
(a) contacting a compound with a cell infected with a nega-
tive-sense, single-stranded RNA virus that is engineered to
express a reporter gene; and (b) measuring the expression or
activity of a reporter gene product.

In some embodiments, the high throughput screening
assays involve: (a) contacting a compound or a member of a
library of compounds with a cell before (e.g., 15 minutes, 30
minutes, 1 hour, 2 hours, 4 hours, 6 hours, 16 hours, 24 hours
or more before), concurrently and/or subsequent to (e.g., 15
minutes, 30 minutes, 1 hour, 2 hours, 4 hours, 6 hours, 12
hours, 16 hours, 24 hours or more after) infection with a
negative-sense, single-stranded RNA virus, wherein the
genome of the negative-sense, single-stranded RNA virus is
engineered to express a reporter gene; and (b) measuring the
expression or activity of a reporter gene product. The cells can
be infected with different MOIs (e.g., 0.001, 0.005, 0.01,
0.05,0.1,0.5,1, 2.5, or 5) and the effect of compounds can be
assessed in the screening assays. The effect of different con-
centrations of the compounds can also be assessed using in
the screening assays. The expression or activity of a reporter
gene product can be measured at different times post-infec-
tion. For example, the expression or activity of a reporter gene
product may be measured 6 hours, 12 hours, 16 hours, 24
hours, 48 hours or 72 hours post-infection. A compound that
increases the replication of a negative-sense, single-stranded
RNA virus is identified if the expression or activity of the
reporter gene product is increased in the cell contacted with
the compound relative to the expression or activity of the
reporter gene product in a cell contacted with a negative
control. In contrast, a compound that decreases the replica-
tion of a negative-sense, single-stranded RNA virus is iden-
tified if the expression or activity of the reporter gene product
is decreased in the cell contacted with the compound relative
to the expression or activity of the reporter gene product in a
cell contacted with a negative control.

In one embodiment, the high throughput assay for screen-
ing for compounds that modulate the replication of a nega-
tive-sense, single-stranded RNA virus comprises: (a) contact-
ing a cell with a negative-sense, single-stranded RNA virus
and a compound or a member of a library of compounds,
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wherein the genome of the negative-sense, single-stranded
RNA virus is engineered to express a reporter gene; and (b)
measuring expression or activity of a reporter gene product,
wherein a compound that modulates the replication of the
virus is identified if the expression or activity of the reporter
gene product is altered in the cell contacted with the com-
pound relative to the expression or activity of the reporter
gene product in a cell contacted with a negative control. In
another embodiment, the high throughput assay for screening
for compounds that modulate the replication of a negative-
sense, single-stranded RNA virus comprises: (a) contacting a
compound or a member of a library of compounds with a cell
infected with a negative-sense, single-stranded RNA virus,
wherein the genome of the negative-sense, single-stranded
RNA virus is engineered to express a reporter gene; and (b)
measuring expression or activity of a reporter gene product,
wherein a compound that modulates the replication of the
virus is identified if the expression or activity of the reporter
gene product is altered in the cell contacted with the com-
pound relative to the expression or activity of the reporter
gene product in a cell contacted with a negative control. In
accordance with these embodiments, a compound that
increases virus replication is identified if the expression or
activity of the reporter gene product is increased in the cell
contacted with the compound relative to the expression or
activity of the reporter gene product in a cell contacted with a
negative control. In contrast, and in accordance with these
embodiments, a compound that decreases virus replication is
identified if the expression or activity of the reporter gene
product is decreased in the cell contacted with the compound
relative to the expression or activity of the reporter gene
product in a cell contacted with a negative control.

In another embodiment, the high throughput assay for
screening for compounds that modulate the replication of a
negative-sense, single-stranded RNA virus comprises: (a)
contacting a compound or a member of a library of com-
pounds with a cell; (b) infecting the cell with a negative-
sense, single-stranded RNA virus in the presence of the com-
pound, wherein the genome of the negative-sense, single-
stranded RNA virus is engineered to express a reporter gene;
and (c¢) measuring expression or activity of a reporter gene
product, wherein a compound that modulates the replication
of the virus is identified if the expression or activity of the
reporter gene product is altered in the cell contacted with the
compound relative to the expression or activity of the reporter
gene product in a cell contacted with a negative control. In yet
another embodiment, the high throughput assay for screening
for compounds that modulate the replication of a negative-
sense, single-stranded RNA virus comprises: (a) infecting a
cell with a negative-sense, single-stranded RNA virus engi-
neered to contain a reporter gene; (b) contacting the infected
cell with a compound or a member of a library of compounds;
and (c¢) measuring expression or activity of a reporter gene
product, wherein a compound that modulates the replication
of the virus is identified if the expression or activity of the
reporter gene product is altered in the cell contacted with the
compound relative to the expression or activity of the reporter
gene product in a cell contacted with a negative control. In
accordance with these embodiments, a compound that
increases virus replication is identified if the expression or
activity of the reporter gene product is increased in the cell
contacted with the compound relative to the expression or
activity of the reporter gene product in a cell contacted with a
negative control. In contrast, and in accordance with these
embodiments, a compound that decreases virus replication is
identified if the expression or activity of the reporter gene
product is decreased in the cell contacted with the compound
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relative to the expression or activity of the reporter gene
product in a cell contacted with a negative control.

In some embodiments of the invention, an embryonated
egg or any other substrate that permits the replication of
negative-sense, single-stranded RNA viruses may be used in
place of the cells used in the high throughput screening assays
described herein.

In a specific embodiment, the cell(s) used in the high
throughput assay for screening for compounds that modulate
replication of a negative-sense, single-stranded RNA virus is
a cell(s) that permits infection with and replication of the
negative-sense, single-stranded RNA virus. In some embodi-
ments, the high throughput assay for screening for com-
pounds that modulate replication of a negative-sense, single-
stranded RNA virus uses any substrate that allows the virus to
grow to titers that permit the use of such substrate/virus
combinations in the screening assays. By way of non-limiting
example, substrates useful in the high throughput screening
assays of the invention include cells (e.g. avian cells, chicken
cells (e.g., primary chick embryo cells or chick kidney cells),
Vero cells, MDCK cells, human respiratory epithelial cells
(e.g., A549 cells), calfkidney cells, mink lung cells, etc.) that
are susceptible to infection by the viruses or embryonated
eggs or animals (e.g., birds). In one embodiment, the cells
used in the high throughput screening assay are biologically
relevant to the type of infection.

In a specific embodiment, the reporter gene product mea-
sured in the high throughput screening assays described
above is an RNA product. In another embodiment, the
reporter gene product measured in the high throughput
screening assays described above is a protein product. In
another embodiment, the activity of a reporter gene productis
measured in the high throughput screening assays described
above and the reporter gene product is protein.

Any method known to one of skill in the art can be used
measure the expression or activity of a reporter gene product.
In one embodiment, the reporter gene product is RNA and a
technique known to one of skill in the art, such as RT-PCR or
Northern blot analysis, is used to measure the expression of
the RNA product. In another embodiment, the reporter gene
product is protein and a technique known to one of skill in the
art, such as western blot analysis or an ELISA, is used to
measure the expression of the protein product. In another
embodiment, the reporter gene product is protein and the
activity of the protein is measured using a technique known to
one of skill in the art.

Any screening assay described herein can be performed
individually, e.g., just with the test compound, or with appro-
priate controls. For example, a parallel assay without the test
compound, or other parallel assays without other reaction
components (e.g., virus) can be performed. In one embodi-
ment, a parallel screening assay as described above is per-
formed except that a negative control and/or a positive control
are used in place of a test compound. In another embodiment,
to eliminate cytotoxic compounds that appear as false posi-
tives, a counter screen is performed in which uninfected cells
are transfected with a nucleic acid construct (e.g., a plasmid)
comprising a reporter gene and the expression or activity of a
reporter gene product is measured. Alternatively, it is possible
to compare assay results to a reference, e.g., a reference value,
e.g., obtained from the literature, a prior assay, and so forth.
Appropriate correlations and art known statistical methods
can be used to evaluate an assay result.

Insome embodiments, the average expression or activity of
the reporter gene product when a negative control (e.g., PBS)
is contacted with cell is determined and the percent expres-
sion or activity of the reporter gene product for each com-
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pound is determined in relation to this internal control. In one
embodiment, the average percent expression or activity of the
reporter gene product is calculated and the compounds are
classified as strong or medium inhibitors of virus replication
based on a 90% to 100% or 70% to 89% reduction in the
expression or activity of the reporter gene product, respec-
tively. In another embodiment, the compounds are classified
as enhancers of viral replication if at least a 2 fold increase in
the expression or activity of a reporter gene product above the
negative control is obtained.

In some embodiments, the average percent expression or
activity of the reporter gene product when a negative control
(e.g., PBS) is contacted with cells transfected with a nucleic
acid construct (e.g., a plasmid) comprising a reporter gene is
calculated and those compounds that have a 20% to 30%
reduction in the expression or activity of the reporter gene
product are considered cytotoxic to the cells. In other embodi-
ments, the average percent expression or activity of the
reporter gene product when a negative control (e.g., PBS) is
contacted with cells transfected with a nucleic acid construct
comprising a reporter gene is calculated and those com-
pounds that have a 50% or greater reduction in the expression
or activity of the reporter gene product are considered cyto-
toxic to the cells.

In certain embodiments, to eliminate false positives, such
as cytotoxic compounds that appear as inhibitors, a counter
screen is performed in which uninfected cells are transfected
with a nucleic acid construct (e.g., a plasmid) comprising a
reporter gene and the expression or activity of a reporter gene
product is measured. In certain embodiments, the reporter
gene product is renilla luciferase expressed from, e.g., a plas-
mid such as pGL3 (described in Section 6 below). In certain
embodiments, compounds initially classified as enhancers of
virus replication that also enhance expression or activity of'a
reporter gene product in the counter screen are eliminated as
false positives. In other embodiments, compounds initially
classified as inhibitors of virus replication that cause a reduc-
tion in reporter gene product expression or activity of greater
than 20-30% in the counter screen are defined as a false
positives and eliminated from further analysis. In certain
embodiments, this threshold is decreased to 50% in cases
where a compound causes a >95% reduction of reporter gene
expression or activity in the screening assay.

5.2.1 Construction of Mini-Genome Reporter Construct
and Viruses with a Genome Comprising a Reporter Gene

With respect to segmented, negative-sense, single-
stranded RNA viruses, a recombinant segment comprising a
reporter gene and the 3' and 5' incorporation signals which are
required for proper replication, transcription and packaging
of'the viral RNAs can be generated. In a specific embodiment,
the recombinant segment is a chimeric segment comprising a
reporter gene, the coding sequence of a viral gene or a frag-
ment thereof, and the 3' and 5' incorporation signals which are
required for proper replication, transcription, and packaging
of the viral RNA. Techniques for producing chimeric seg-
ments are described in, e.g., International Publication No.
WO 2007/064802, published Jun. 7, 2007, which is incorpo-
rated herein by reference in its entirety. In another embodi-
ment, the recombinant segment comprises the coding region
of'areporter gene, an IRES, the coding region of a viral gene,
and the 3' and 5' incorporation signals which are required for
proper replication, transcription, and packaging of the viral
RNA. Examples of such bicistronic segments are described
in, e.g., International Publication No. WO 2007/064802. In
one embodiment, the recombinant segment may be used as a
mini-genome reporter construct in the screening assays
described above. In another embodiment, the recombinant
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segment can be used to generate a segmented, negative-sense,
single-stranded RNA virus containing such a segment and the
virus can be used in the screening assays described above.

With respect to non-segmented, negative-sense, single-
stranded RNA viruses, in one embodiment, a mini-genome
reporter construct comprising a reporter gene and the 3'and 5
incorporation signals which are required for proper replica-
tion, transcription, and packaging of the viral RNA can be
generated. In another embodiment, a recombinant genome
comprising the nucleic acid sequence of a reporter gene can
be engineered into the viral genome to generate a reporter
virus, and such a virus can be used in the screening assays
described above.

In some embodiments, the mini-genome reporter construct
comprises a reporter gene, wherein the reporter gene is
flanked by the 3' and 5' signals which are required for proper
transcription by RNA polymerase [ and recognition and tran-
scription by the negative-sense, single-stranded RNA virus
polymerase. In one embodiment, the mini-genome reporter
construct comprises a cassette containing the coding region
of a reporter gene inserted in the reverse orientation and
complementary sense between the virus non-coding regions
which serve as the viral promoter. In a specific embodiment,
the cassette is flanked by a human RNA polymerase I (Pol I)
promoter and a hepatitis delta virus (HDV) ribozyme. The
transcribed RNA (VRNA) has exact ends and mimics a non-
segmented, negative sense virus genome segment. Upon
infection, the viral polymerase recognizes the promoter and
the reporter gene is transcribed and expressed. In one embodi-
ment, the mini-genome reporter construct mimics a segment
of a segmented, negative-sense, single-stranded RNA virus.
In another embodiment, the mini-genome reporter construct
comprises the reporter gene, the flanking elements (Pol I
promoter and HDV ribozyme), and all the viral genes
required for virus replication in a single plasmid.

The reporter gene can be any nucleotide sequence encod-
ing a protein that is readily detectable either by its presence or
activity. Reporter genes may be obtained and the nucleotide
sequence of the reporter gene determined by any method
well-known to one of skill in the art. Examples of reporter
genes include, but are not limited to, luciferase (e.g., firefly
luciferase, renilla luciferase, and click beetle luciferase),
green fluorescent protein (“GFP”) (e.g., green fluorescent
protein, yellow fluorescent protein, red fluorescent protein,
cyan fluorescent protein, and blue fluorescent protein), beta-
galactosidase beta-glucoronidase, beta-lactamase, chloram-
phenicol acetyltransferase (“CAT™), and alkaline phos-
phatase (“AP”). The characteristics and methods for using the
aforementioned reporter genes are described in U.S. Patent
Application Publication No.: US 2007/0111203 A1, the dis-
closure of which is incorporated by reference in its entirety. In
a specific embodiment, a reporter gene utilized is easily
assayed and has an activity which is not normally found in the
cell or organism of interest. In another specific embodiment,
the reporter is luciferase.

Negative-sense, single-stranded RNA viruses with a
genome comprising a reporter gene can be engineered using
any technique known to one of skill in the art. Techniques
such as reverse genetics and helper-free plasmid rescue can be
used to generate negative-sense, single-stranded RNA viruses
with a genome comprising a reporter gene. The reverse genet-
ics technique involves the preparation of synthetic recombi-
nant viral RNAs that contain the non-coding regions of the
negative-strand, viral RNA which are essential for the recog-
nition by viral polymerases and for packaging signals neces-
sary to generate a mature virion. The recombinant RNAs are
synthesized from a recombinant DNA template and reconsti-
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tuted in vitro with purified viral polymerase complex to form
recombinant ribonucleoproteins (RNPs) which can be used to
transfect cells. A more efficient transfection is achieved if the
viral polymerase proteins are present during transcription of
the synthetic RNAs either in vitro or in vivo. The synthetic
recombinant RNPs can be rescued into infectious virus par-
ticles. The foregoing techniques are described in U.S. Pat. No.
5,166,057 issued Nov. 24, 1992; in U.S. Pat. No. 5,854,037
issued Dec. 29, 1998; in European Patent Publication EP
0702085A1, published Feb. 20, 1996; in U.S. patent applica-
tion Ser. No. 09/152,845; in International Patent Publications
PCT W097/12032 published Apr. 3, 1997, W096/34625
published Nov. 7, 1996; in European Patent Publication EP
A780475; WO 99/02657 published Jan. 21, 1999; WO
98/53078 published Nov. 26, 1998; WO 98/02530 published
Jan. 22, 1998; WO 99/15672 published Apr. 1, 1999; WO
98/13501 published Apr. 2, 1998; WO 97/06270 published
Feb. 20, 1997; and EPO 780 475A1 published Jun. 25, 1997,
each of which is incorporated by reference herein in its
entirety.

The helper-free plasmid technology can also be utilized to
engineer a negative-sense, single-stranded RNA with a
genome comprising a reporter gene. Briefly, with respect to
influenza virus, full length ¢cDNAs of viral segments are
amplified using PCR with primers that include unique restric-
tion sites, which allow the insertion of the PCR product into
the a plasmid vector (Flandorfer et al., 2003, J. Virol.
77:9116-9123; Nakayaetal., 2001, J. Virol. 75:11868-11873;
both of which are incorporated herein by reference in their
entireties). The plasmid vector is designed to position the
PCR product between a truncated human RNA polymerase |
promoter and a hepatitis delta virus ribozyme sequence such
that an exact negative (VRNA sense) transcript is produced
from the polymerase 1 promoter. Separate plasmid vectors
comprising each viral segment or minimal viral segments as
well as expression vectors comprising necessary viral pro-
teins required for replication of the virus are transfected into
cells leading to production of recombinant viral particles. In
one embodiment, a mini-genome reporter construct is also, or
in place of one of the viral segments not required for replica-
tion of the virus, transfected into the cells, wherein the mini-
genome reporter construct comprises a reporter gene flanked
by the 3' and 5' incorporation signals which are required for
proper replication, transcription, and packaging of the viral
RNA, such as a Pol I promoter and HDV ribozyme. This
mini-genome reporter construct may be transfected into cells
leading to production of recombinant viral particles. For a
detailed description of helper-free plasmid technology see,
e.g., International Publication No. WO 01/04333; U.S. Pat.
No. 6,649,372; Fodor et al., 1999, J. Virol. 73:9679-9682;
Hoffmann et al., 2000, Proc. Natl. Acad. Sci. USA 97:6108-
6113; and Neumann et al., 1999, Proc. Natl. Acad. Sci. USA
96:9345-9350, which are incorporated herein by reference in
their entireties. Similarly, with respect to the single segment
genome, a complete cDNA of a virus strain can be con-
structed, inserted into a plasmid vector and engineered to
containing a unique restriction site. The reporter gene may
then be inserted into the viral genome at the unique restriction
site. The single segment may be positioned between a T7
promoter and the hepatitis delta virus ribozyme to produce an
exact negative transcript from the T7 polymerase. The plas-
mid vector and expression vectors comprising the necessary
viral proteins are transfected into cells leading to production
of'recombinant viral particles (see Swayne et al., 2003, Avian
Dis. 47:1047-1050 and Swayne et al., 2001, J. Virol. 11868-
11873, each of which is incorporated by reference in its
entirety).
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Negative-sense, single-stranded RNA viruses with a
genome comprising a reporter gene can be propagated in any
substrate that allows the virus to grow to titers that permit the
uses of such viruses in the screening assays. For example, the
viruses may be grown in cells (e.g. avian cells, chicken cells
(e.g., primary chick embryo cells or chick kidney cells), Vero
cells, MDCK cells, human respiratory epithelial cells (e.g.,
AS549 cells), calf kidney cells, mink lung cells, etc.) that are
susceptible to infection by the viruses, embryonated eggs or
animals (e.g., birds). The virus may be removed from cell
culture and separated from cellular components, typically by
well known clarification procedures, e.g., such as gradient
centrifugation and column chromatography, and may be fur-
ther purified as desired using procedures well known to those
skilled in the art, e.g., plaque assays.

5.2.2 Compounds

Compounds to be tested for replication modulation activity
can be obtained from any source. Any compound can be
screened, either individually, in groups, or in high throughput
format, in connection with the assays described herein. Such
compounds include, but are not limited to, proteins, polypep-
tides, peptides, nucleic acids, including dominant negative
mutants, antisense, ribozyme or triple helix molecules, anti-
bodies, small organic molecules, inorganic molecules. In a
specific embodiment, small molecular weight compounds are
used.

Inaccordance with the present invention, the compounds to
be assayed may be provided to the assay system as an isolated
compound or, in another embodiment, the compound may be
provided to the assay system as part of a composition.

Combinatorial chemical libraries or ligand libraries may be
screened in one or more assays, as described in Section 5.2
herein, to identify those library members (particular chemical
species or subclasses) that display a desired characteristic
activity. The compounds thus identified can serve as conven-
tional “lead compounds” or can themselves be used as poten-
tial or actual therapeutics or for enhancing the growth of
viruses in substrates, e.g., cells.

Preparation and screening of combinatorial chemical
libraries is well known to those of skill in the art. Such
combinatorial chemical libraries include, but are not limited
to, peptide libraries (See, e.g., U.S. Pat. No. 5,010,175, Furka,
Int. J. Pept. Prot. Res. 37:487-493 (1991) and Houghton et al.,
Nature 354:84-88 (1991)). Other chemistries for generating
chemical diversity libraries can also be used. Such chemis-
tries include, but are not limited to: peptoids (e.g., PCT Pub-
lication No. WO 91/19735), encoded peptides (e.g., PCT
Publication No. WO 93/20242), random bio-oligomers (e.g.,
PCT Publication No. WO 92/00091), benzodiazepines (e.g.,
U.S. Pat. No. 5,288,514), diversomers such as hydantoins,
benzodiazepines and dipeptides (Hobbs et al., Proc. Nat.
Acad. Sci. USA 90:6909-6913 (1993)), vinylogous polypep-
tides (Hagihara et al., J. Amer. Chem. Soc. 114:6568 (1992)),
nonpeptidal peptidomimetics with glucose scaffolding (Hir-
schmann et al., J. Amer. Chem. Soc. 114:9217-9218 (1992)),
analogous organic syntheses of small compound libraries
(Chen et al., J. Amer. Chem. Soc. 116:2661 (1994)), oligo-
carbamates (Cho et al., Science 261:1303 (1993)), and/or
peptidyl phosphonates (Campbell et al., J. Org. Chem. 59:658
(1994)), nucleic acid libraries (See Ausubel, Berger and Sam-
brook, all supra), peptide nucleic acid libraries (See, e.g., U.S.
Pat. No. 5,539,083), antibody libraries (See, e.g., Vaughn et
al., Nature Biotechnology, 14(3):309-314 (1996) and PCT/
US96/10287), carbohydrate libraries (See, e.g., Liang et al.,
Science, 274:1520-1522 (1996) and International Patent
Application Publication NO. WO 1997/000271), small
organic molecule libraries (See, e.g., benzodiazepines, Baum
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C&EN, January 18, page 33 (1993); isoprenoids, U.S. Pat.
No. 5,569,588; thiazolidinones and metathiazanones, U.S.
Pat. No. 5,549,974; pyrrolidines, U.S. Pat. Nos. 5,525,735
and 5,519,134; morpholino compounds, U.S. Pat. No. 5,506,
337; benzodiazepines, U.S. Pat. No. 5,288,514, and the like).
Additional examples of methods for the synthesis of molecu-
lar libraries can be found in the art, for example in: DeWitt et
al. (1993) Proc. Natl. Acad. Sci. U.S.A. 90:6909; Erb et al.
(1994) Proc. Natl. Acad. Sci. USA 91:11422; Zuckermann et
al. (1994). J. Med. Chem. 37:2678; Cho et al. (1993) Science
261:1303; Carrell et al. (1994) Angew. Chem. Int. Ed. Engl.
33:2059; Carell et al. (1994) Angew. Chem. Int. Ed. Engl.
33:2061; and Gallop et al. (1994) J. Med. Chem. 37:1233.

Some exemplary libraries are used to generate variants
from a particular lead compound. One method includes gen-
erating a combinatorial library in which one or more func-
tional groups of the lead compound are varied, e.g., by deriva-
tization. Thus, the combinatorial library can include a class of
compounds which have a common structural feature (e.g.,
scatfold or framework). Examples of lead compounds which
can be used as starting molecules for library generation
include, e.g., those described in Section 5.1 above.

Devices for the preparation of combinatorial libraries are
commercially available (See, e.g., 357 MPS, 390 MPS,
Advanced Chem Tech, Louisville Ky., Symphony, Rainin,
Woburn, Mass., 433A Applied Biosystems, Foster City,
Calif., 9050 Plus, Millipore, Bedford, Mass.). In addition,
numerous combinatorial libraries are themselves commer-
cially available (See, e.g., ComGenex, Princeton, N.J.,
Asinex, Moscow, Ru, Tripos, Inc., St. Louis, Mo., ChemStar,
Ltd, Moscow, RU, 3D Pharmaceuticals, Exton, Pa., Martek
Biosciences, Columbia, Md., etc.). The test compounds can
also be obtained from: biological libraries; peptoid libraries
(libraries of molecules having the functionalities of peptides,
but with a novel, non-peptide backbone which are resistant to
enzymatic degradation but which nevertheless remain bioac-
tive; See, e.g., Zuckermann, R. N. et al. (1994) J. Med. Chem.
37:2678-85); spatially addressable parallel solid phase or
solution phase libraries; synthetic library methods requiring
deconvolution; the ‘one-bead one-compound’ library
method; and synthetic library methods using affinity chroma-
tography selection. The biological libraries include libraries
of nucleic acids and libraries of proteins. Some nucleic acid
libraries encode a diverse set of proteins (e.g., natural and
artificial proteins; others provide, for example, functional
RNA and DNA molecules such as nucleic acid aptamers or
ribozymes. A peptoid library can be made to include struc-
tures similar to a peptide library. (See also Lam (1997) Anti-
cancer Drug Des. 12:145). A library of proteins may be pro-
duced by an expression library or a display library (e.g., a
phage display library). Libraries of compounds may be pre-
sented in solution (e.g., Houghten (1992) Biotechniques
13:412-421), or on beads (Lam (1991) Nature 354:82-84),
chips (Fodor (1993) Nature 364:555-556), bacteria (Ladner,
U.S. Pat. No. 5,223,409), spores (Ladner U.S. Pat. No. 5,223,
409), plasmids (Cull et al. (1992) Proc Natl Acad Sci USA
89:1865-1869) or on phage (Scott and Smith (1990) Science
249:386-390; Devlin (1990) Science 249:404-406; Cwirla et
al. (1990) Proc. Natl. Acad. Sci. 87:6378-6382; Felici (1991)
J. Mol. Biol. 222:301-310; Ladner supra.). Enzymes can be
screened for identifying compounds which can be selected
from a combinatorial chemical library or any other suitable
source (Hogan, Jr., Nat. Biotechnology 15:328, 1997).

In some embodiments, the compounds modulate PKC
activity. In one embodiment, the compounds modulate one or
more of the PKC isoforms identified in Section 5.1 above. In
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a specific embodiment, the compounds are PKC inhibitors. In
an alternative embodiment, the compounds are PKC activa-
tors.

In other embodiments, the compounds modulate sodium
channel activity. In one embodiment, the compounds modu-
late one or more of the sodium channels identified in Section
5.1 above. In a specific embodiment, the compounds are
sodium channel openers. In an alternative embodiment, the
compounds are sodium channel inhibitors.

In some other embodiments, the compounds modulate cal-
cium channel activity. In one embodiment, the compounds
modulate one or more of the calcium channels identified in
Section 5.1 above. In a specific embodiment, the compounds
are calcium channel openers. In an alternative embodiment,
the compounds are calcium channel inhibitors. In other
embodiments, the compounds modulate the activity of a Na+/
K+/ATPase pump. In other embodiments, the compounds
modulate sodium/calcium exchange.

5.3 Biological Assays

5.3.1 Cellular Assays for Assessing the Effect of a Com-
pound on Viral Replication

Compounds identified in the high throughput assay can be
further assessed for their effects on viral replication or the
effects of the compounds on viral replication can be con-
firmed by measuring viral replication. Alternatively, the
effect of a compound can be assessed by measuring viral
replication without running a high throughput assay
described in Section 5.2, supra. Such assays involve: (a) con-
tacting a compound or a member of a library of compounds
with a cell before (e.g., 15 minutes, 30 minutes, 1 hour, 2
hours, 4 hours, 6 hours, 12 hours, 16 hours, 24 hours or more
before), concurrently and/or subsequent to (e.g., 15 minutes,
30 minutes, 1 hour, 2 hours, 4 hours, 6 hours, 12 hours, 16
hours, 24 hours or more after) infection with a negative-sense,
single-stranded RNA virus; and (b) measuring virus replica-
tion. The cells can be infected at different MOIs and the effect
of a compound on virus replication can be assessed. For
example, the MOIs may be 0.001, 0.005, 0.01, 0.05, 0.1, 0.5,
1, 2.5, or 5. The effect of different concentrations of a com-
pound on virus replication can also be assessed. The cells or
other substrate that contains cells (e.g., embryonated eggs)
used in the assay should be susceptible to infection by the
chosen negative-sense, single-stranded RNA virus. The cells
may be primary cells or established cell lines. With respect to
influenza virus, for example, the following cells may be used
in the assay: chicken cells (e.g., primary chick embryo cells or
chick kidney cells), Vero cells, MDCK cells, human respira-
tory epithelial cells (e.g., A549 cells), calf kidney cells, and
mink lung cells. In one embodiment, the cells used to assess
the effect of a compound on virus replication are selected
from the following cells or cell lines: MEF, 293T, Huh 7.5,
Detroit, and human tracheobronchial epithelial (HTBE; pri-
mary lung cells) cells. In one embodiment, the cell or cell line
is biologically relevant to virus infection.

Virus replication can be measured at different times post-
infection. For example, virus replication may be measured 6
hours, 12 hours, 16 hours, 24 hours, 48 hours or 72 hours
post-infection. Any method known to one of skill in the art
can be used measure virus replication. For example, viral
replication may be assessed by measuring viral titer (as deter-
mined, e.g., by plaque formation), the production of viral
proteins (as determined, e.g., by western blot analysis, ELISA
or flow cytometry), or the production of viral nucleic acids (as
determined, e.g., by RT-PCR or Northern blot analysis) using
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techniques known to one of skill in the art. See Sections
5.3.1.1-5.3.1.6 below for more details of techniques for mea-
suring viral replication.

In the assays described above, a compound that increases
the replication of a negative-sense, single-stranded RNA
virus is identified if the replication of the virus is increased in
the cell contacted with the compound relative to the replica-
tion of the virus in a cell contacted with a negative control
(e.g., PBS or saline). In contrast, a compound that decreases
the replication of a negative-sense, single-stranded RNA
virus is identified if the replication of the virus is decreased in
the cell contacted with the compound relative to the replica-
tion of the virus in a cell contacted with a negative control
(e.g., PBS or saline).

In certain embodiments, an inhibitor of viral replication is
identified if a compound reduces the virus replication by at
least 1.5 fold, 2 fold, 3 fold, 4 fold, 5 fold, 6 fold, 7 fold, 8 fold,
9 fold, 10 fold, 15 fold, 20 fold, 25 fold, 30 fold, 35 fold, 40
fold, 45 fold, 50 fold, 100 fold, 500 fold, or 1000 fold relative
to virus replication in the absence of compound or the pres-
ence of a negative control. In certain embodiments, an inhibi-
tor of viral replication is identified if a compound reduces the
virus replication by 1.5 to 3 fold, 2 to 4 fold, 3 to 5 fold, 4 to
8 fold, 6 to 9 fold, 8 to 10 fold, 2 to 10 fold, 5 to 20 fold, 10 to
40 fold, 10 to 50 fold, 25 to 50 fold, 50 to 100 fold, 75 to 100
fold, 100 to 500 fold, 500 to 1000 fold, or 10 to 1000 fold. In
a specific embodiment, an inhibitor of viral replication is
identified if a compound reduces the virus replication by
approximately 2 logs or more, approximately 3 logs or more,
approximately 4 logs or more, approximately 5 logs or more,
or2to 10logs or 2 to 5 logs relative to virus replication in the
absence of compound or the presence of a negative control.

In certain embodiments, an inhibitor of viral replication is
identified if a compound reduces the replication of a viral
genome by aboutat least 1.5 fold, 2, fold, 3 fold, 4 fold, 5 fold,
6 fold, 7 fold, 8 fold, 9 fold, 10 fold, 15 fold, 20 fold, 25 fold,
30 fold, 35 fold, 40 fold, 45 fold, 50 fold, 75 fold, 100 fold,
500 fold, or 1000 fold relative to replication of the viral
genome in the absence of a compound or relative to a negative
controlin an assay described herein or others known to one of
skill in the art. In certain embodiments, an inhibitor of viral
replication is identified if a compound reduces the replication
of'aviral genome by about 1.5 to 3 fold, 2 to 4 fold, 3 to S fold,
4 to 8 fold, 6 to 9 fold, 8 to 10 fold, 2 to 10 fold, 5 to 20 fold,
10 to 40 fold, 10 to 50 fold, 25 to 50 fold, 50 to 100 fold, 75
to 100 fold, 100 to 500 fold, 500 to 1000 fold, or 10 to 1000
fold relative to replication of the viral genome in the absence
of' a compound or relative to a negative control in an assay
described herein or others known to one of skill in the art. In
certain embodiments, an inhibitor of viral replication is iden-
tified if a compound reduces the replication of a viral genome
by at least 1 log, 1.5 logs, 2 logs, 2.5 logs, 3 logs, 3.5 logs, 4
logs, 4.5 logs, 51logs or more relative to replication of the viral
genome in the absence of a compound or relative to a negative
controlin an assay described herein or others known to one of
skill in the art.

In certain embodiments, an inhibitor of viral replication is
identified if a compound reduces the synthesis of viral pro-
teins by at least 1.5 fold, 2, fold, 3 fold, 4 fold, 5 fold, 6 fold,
7 fold, 8 fold, 9 fold, 10 fold, 15 fold, 20 fold, 25 fold, 30 fold,
35 fold, 40 fold, 45 fold, 50 fold, 75 fold, 100 fold, 500 fold,
or 1000 fold relative to the synthesis of viral proteins in the
absence of a compound or relative to a negative control in an
assay described herein or others known to one of skill in the
art in an assay described herein or others known to one of skill
in the art. In certain embodiments, an inhibitor of viral repli-
cation is identified if a compound reduces the synthesis of
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viral proteins at least 1.5 to 3 fold, 2 to 4 fold, 3 to 5 fold, 4 to
8 fold, 6 to 9 fold, 8 to 10 fold, 2 to 10 fold, 5 to 20 fold, 10 to
40 fold, 10 to 50 fold, 25 to 50 fold, 50 to 100 fold, 75 to 100
fold, 100 to 500 fold, 500 to 1000 fold, or 10 to 1000 fold
relative to the synthesis of viral proteins in the absence of a
compound or relative to a negative control in an assay
described herein or others known to one of skill in the art. In
certain embodiments, an inhibitor of viral replication is iden-
tified if a compound reduces the synthesis of viral proteins
approximately 1 log, 1.51ogs, 2 logs, 2.51ogs, 3 logs, 3.5 logs,
4 logs, 4.5 logs, 5 logs relative to the synthesis of viral pro-
teins in the absence of a compound or relative to a negative
control in an assay described herein or others known to one of
skill in the art.

In some embodiments, an inhibitor of viral replication is
identified if a compound results in 1.5 fold or more, 2 fold or
more, 3 fold or more, 4 fold or more, 5 fold or more, 6 fold or
more, 7 fold or more, 8 fold or more, 9 fold or more, 10 fold
ormore, 15 fold or more, 20 fold or more, 25 fold or more, 30
fold or more, 35 fold or more, 40 fold or more, 45 fold or
more, 50 fold or more, 60 fold or more, 70 fold or more, 80
fold or more, 90 fold or more, or 100 fold or more reduction
of'viral yield per round of viral replication. In certain embodi-
ments, a compound results in about a 2 fold or more reduction
of viral yield per round of viral replication. In a specific
embodiment, a compound results in about a 10 fold or more
reduction of viral yield per round of viral replication.

In certain embodiments, a compound is considered an
inhibitor of viral replication if it reduces viral replication by at
least 2 wells of hemagglutinin (HA) in a hemagglutination
assay (see Section 5.3.1.7 below), which equals approxi-
mately a 75% reduction in viral titer.

In certain embodiments, a compound is considered an
inhibitor of viral replication if it reduces viral titer by 50% or
more, by 55% or more, by 60% or more, by 65% or more, by
70% or more, by 75% or more, by 80% or more, by 85% or
more, by 90% or more, or by 95% or more.

In certain embodiments, an enhancer of viral replication is
identified if a compound increases the virus replication by at
least 1.5 fold, 2 fold, 3, fold, 4 fold, 5 fold, 6 fold, 7 fold, 8
fold, 9 fold, 10 fold, 15 fold, 20 fold, 25 fold, 30 fold, 35 fold,
40 fold, 45 fold, 50 fold, 100 fold, 500 fold, or 1000 fold
relative to virus replication in the absence of compound or the
presence of a negative control. In certain embodiments, an
enhancer of viral replication is identified if a compound
increases the virus replication by 1.5 to 3 fold, 2 to 4 fold, 3 to
5 fold, 4 to 8 fold, 6 to 9 fold, 8 to 10 fold, 2 to 10 fold, 5 to 20
fold, 10 to 40 fold, 10 to 50 fold, 25 to 50 fold, 50 to 100 fold,
75 to 100 fold, 100 to 500 fold, 500 to 1000 fold, or 10 to 1000
fold. In a specific embodiment, an enhancer of viral replica-
tion is identified if a compound increases the virus replication
by at least 2 fold relative to virus replication in the absence of
compound or the presence of a negative control. In another
specific embodiment, an enhancer of viral replication is iden-
tified if a compound increases the virus replication by at least
5 fold relative to virus replication in the absence of compound
or the presence of a negative control. In a specific embodi-
ment, an enhancer of viral replication is identified if a com-
pound increases the virus replication by at least 10 fold rela-
tive to virus replication in the absence of compound or the
presence of a negative control.

In certain embodiments, an enhancer of viral replication is
identified ifa compound increases virus replication by at least
0.51og, 1log, 1.51og, 2 log, 2.5 log, 3 log, 3.5 log, 4 log, 4.5
log, 5 log, 5.5 log, 6 log, 6.5 log, 7 log, 7.5 log, 8 log, 8.5 log,
or 9 log relative to culturing the infected cells in the absence
of compound. In a specific embodiment, an enhancer of viral
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replication is identified if a compound increases the virus
replication by at least 1 log relative to virus replication in the
absence of compound or the presence of a negative control.

In certain embodiments, an enhancer of viral replication is
identified if a compound increases the replication of a viral
genome by aboutat least 1.5 fold, 2, fold, 3 fold, 4 fold, 5 fold,
6 fold, 7 fold, 8 fold, 9 fold, 10 fold, 15 fold, 20 fold, 25 fold,
30 fold, 35 fold, 40 fold, 45 fold, 50 fold, 75 fold, 100 fold,
500 fold, or 1000 fold relative to replication of the viral
genome in the absence of a compound or relative to a negative
controlin an assay described herein or others known to one of
skill in the art. In certain embodiments, an enhancer of viral
replication is identified if a compound increases the replica-
tion of a viral genome by about 1.5 to 3 fold, 2 to 4 fold, 3 to
5 fold, 4 to 8 fold, 6 to 9 fold, 8 to 10 fold, 2 to 10 fold, 5to 20
fold, 10to 40 fold, 10 to 50 fold, 25 to 50 fold, 50 to 100 fold,
75 to 100 fold, 100 to 500 fold, 500 to 1000 fold, or 10 to 1000
fold relative to replication of the viral genome in the absence
of' a compound or relative to a negative control in an assay
described herein or others known to one of skill in the art. In
certain embodiments, an enhancer of viral replication is iden-
tified if a compound increases the replication of a viral
genome by at least 1 log, 1.5 logs, 2 logs, 2.5 logs, 3 logs, 3.5
logs, 4 logs, 4.5 logs, 5 logs or more relative to replication of
the viral genome in the absence of a compound or relative to
a negative control in an assay described herein or others
known to one of skill in the art.

In certain embodiments, an enhancer of viral replication is
identified if a compound increases the synthesis of viral pro-
teins by at least 1.5 fold, 2, fold, 3 fold, 4 fold, 5 fold, 6 fold,
7 fold, 8 fold, 9 fold, 10 fold, 15 fold, 20 fold, 25 fold, 30 fold,
35 fold, 40 fold, 45 fold, 50 fold, 75 fold, 100 fold, 500 fold,
or 1000 fold relative to the synthesis of viral proteins in the
absence of a compound or relative to a negative control in an
assay described herein or others known to one of skill in the
art in an assay described herein or others known to one of skill
in the art. In certain embodiments, an enhancer of viral rep-
lication is identified if a compound increases the synthesis of
viral proteins at least 1.5 to 3 fold, 2 to 4 fold, 3 to 5 fold, 4 to
8 fold, 6 to 9 fold, 8 to 10 fold, 2 to 10 fold, 5 to 20 fold, 10 to
40 fold, 10 to 50 fold, 25 to 50 fold, 50 to 100 fold, 75 to 100
fold, 100 to 500 fold, 500 to 1000 fold, or 10 to 1000 fold
relative to the synthesis of viral proteins in the absence of a
compound or relative to a negative control in an assay
described herein or others known to one of skill in the art. In
certain embodiments, an enhancer of viral replication is iden-
tified if a compound increases the synthesis of viral proteins
approximately 11og, 1.5 logs, 21logs, 2.51ogs, 3 logs, 3.5 logs,
4 logs, 4.5 logs, 5 logs relative to the synthesis of viral pro-
teins in the absence of a compound or relative to a negative
controlin an assay described herein or others known to one of
skill in the art.

In some embodiments, an enhancer of viral replication is
identified if a compound results in at least 1.5 fold or more, 2
fold or more, 3 fold or more, 4 fold or more, 5 fold or more, 6
fold or more, 7 fold or more, 8 fold or more, 9 fold or more, 10
fold or more, 15 fold or more, 20 fold or more, 25 fold or
more, 30 fold or more, 35 fold or more, 40 fold or more, 45
fold or more, 50 fold or more, 60 fold or more, 70 fold or
more, 80 fold or more, 90 fold or more, or 100 fold or more
increase of viral yield per round of viral replication. In certain
embodiments, a compound results in about a 2 fold or more
increase of viral yield per round of viral replication. In a
specific embodiment, a compound results in about a 10 fold or
more increase of viral yield per round of viral replication.

In certain embodiments, a compound is considered an
enhancer of viral replication if it increases viral titer by 50%
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or more, by 55% or more, by 60% or more, by 65% or more,
by 70% or more, by 75% or more, by 80% or more, by 85% or
more, by 90% or more, by 95% or more, by 100% or more, by
150% or more, by 200% or more or by 500% or more.

Standard assays for influenza virus replication have been
described, See, e.g., Sidwell et al., Antiviral Research, 2000,
48:1-16. These assays can also be adapted for use with other
negative-sense, single-stranded RNA viruses.

The effect of a compound on the replication of any nega-
tive-sense, single-stranded RNA virus may be determined.
Further, the eftect of a compound on the replication of any
type, subtype or strain of a negative-sense, single-stranded
RNA virus may be determined. The negative-sense, single-
stranded RNA virus may be a non-segmented or a segmented
virus. Non-limiting examples of non-segmented, negative-
sense, single-stranded RNA viruses include: rhabdoviruses
(e.g., VSV, rabies, and rabies-related viruses), paramyxovi-
ruses (e.g., NDV, Sendai virus, measles virus, mumps virus,
parainfluenza virus, and pneumoviruses such as respiratory
syncytial virus (RSV) and metapneumovirus), filoviruses
(e.g., Ebola virus and Marburg virus), hepatitis delta virus,
and bornaviruses. Non-limiting examples of segmented,
negative-sense, single-stranded RNA viruses include: orth-
omyxoviruses (e.g., influenza A virus, influenza B virus,
influenza C virus, thogoto virus, and infectious salmon ane-
mia virus), bunyaviruses (e.g., bunyamwera virus, Hantaan
virus, Dugbe virus, Rift Valley fever virus, and tomato spotted
wilt virus), and arenaviruses (e.g., Lassa virus, Junin virus,
Machupo virus, and lymphocytic choriomeningitis virus). In
a specific embodiment, the negative-sense, single-stranded
RNA virus is an enveloped virus. In another specific embodi-
ment, the negative-sense, single-stranded RNA virus is influ-
enza virus (e.g., an influenza A virus, influenza B virus, or
influenza C virus). In another embodiment, the negative-
sense, single-stranded RNA virus is a parainfluenza virus or a
respiratory syncytial virus (RSV). In another embodiment,
the virus is NDV or VSV.

In some embodiments, the effect of a compound on the
replication of an attenuated negative-sense, single-stranded
RNA virus is determined. In some embodiments, the effect of
a compound on the replication of a naturally occurring strain,
variant or mutant of a negative-sense, single-stranded RNA
virus, a mutagenized negative-sense, single-stranded RNA
virus, a reassortant negative-sense, single-stranded RNA
virus and/or a genetically engineered negative-sense, single-
stranded RNA virus can be assessed. In a specific embodi-
ment, the effect of a compound on the replication of a vaccine
strain of a negative-sense, single-stranded RNA virus is deter-
mined.

5.3.1.1 Viral Titer Assay

In this non-limiting example, a monolayer of the target
mammalian cell line is infected with different amounts (e.g.,
multiplicity of 3 plaque forming units (pfu) or 5 pfu) of virus
(e.g., influenza) and subsequently cultured in the presence or
absence of various dilutions of compounds (e.g., 0.1 pg/ml, 1
ng/ml, 5 ng/ml, or 10 pg/ml). Infected cultures are harvested
48 hours or 72 hours post infection and titered by standard
plaque assays known in the art on the appropriate target cell
line (e.g., Vero cells).

5.3.1.2 Flow Cytometry Assay

Flow cytometry can be utilized to detect expression of
virus antigens in infected target cells cultured in the presence
or absence of compounds (See, e.g., McSharry et al., Clinical
Microbiology Rev., 1994, 7:576-604). Non-limiting
examples of viral antigens that can be detected on cell sur-
faces by flow cytometry include, but are not limited to HA of
influenza; and H and F of measles virus. In other embodi-
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ments, intracellular viral antigens or viral nucleic acid can be
detected by flow cytometry with techniques known in the art.
5.3.1.3 Viral Cytopathic Effect (CPE) Assay

CPE is the morphological changes that cultured cells
undergo upon being infected by most viruses. These morpho-
logical changes can be observed easily in unfixed, unstained
cells by microscopy. Forms of CPE, which can vary depend-
ing on the virus, include, but are not limited to, rounding of
the cells, appearance of inclusion bodies in the nucleus and/or
cytoplasm of infected cells, and formation of syncytia, or
polykaryocytes (large cytoplasmic masses that contain many
nuclei).

The CPE assay can provide a measure of the effect of a
compound on virus replication. In a non-limiting example of
such an assay, compounds are serially diluted (e.g. 1000, 500,
100, 50, 10, 1 pg/ml) and added to 3 wells containing a cell
monolayer (preferably mammalian cells at 80-100% conflu-
ent) of a 96-well plate. Within 5 minutes, viruses are added
and the plate sealed, incubated at 37° C. for the standard time
period required to induce near-maximal viral CPE (e.g.,
approximately 48 to 120 hours, depending on the virus and
multiplicity of infection). When assaying a compound for its
potential inhibitory activity, CPE is read microscopically
after a known positive control drug (an antiviral) is evaluated
in parallel with compounds in each test. A non-limiting
example of a positive control is ribavirin for influenza,
measles, respiratory syncytial, and parainfluenza. The data is
expressed as 50% effective concentrations or approximated
virus-inhibitory concentration, 50% endpoint (EC50) and
cell-inhibitory concentration, 50% endpoint (IC50). General
selectivity index (“SI”) is calculated as the IC50 divided by
the EC50. These values can be calculated using any method
known in the art, e.g., the computer software program Mac-
Synergy [l by M. N. Prichard, K. R. Asaltine, and C. Shipman,
Jr., University of Michigan, Ann Arbor, Mich.

In one embodiment, a compound has an SI of greater than
3,4,5,6,7,8,9,10,11, 12,13, 14, 15, 20, 21, 22, 23, 24, 25,
30,35, 39, 40,45, 50, 60, 70, 80, 90, 100, 200, 300, 400, 500,
1,000, or 10,000. In some embodiments, a compound has an
SI of greater than 10. In a specific embodiment, compounds
with an SI of greater than 10 are further assessed in other in
vitro and in vivo assays described herein or others known in
the art to characterize safety and efficacy.

5.3.1.4 Neutral Red (NR) Dye Uptake Assay

The NR Dye Uptake assay can be used to validate the CPE
inhibition assay (See Section 5.3.1.3). In a non-limiting
example of such an assay, the same 96-well microplates used
for the CPE inhibition assay can be used. Neutral red is added
to the medium, and cells not damaged by virus take up a
greater amount of dye. The percentage of uptake indicating
viable cells is read on a microplate autoreader at dual wave-
lengths of 405 and 540 nm, with the difference taken to
eliminate background. (See McManus et al., Appl. Environ-
ment. Microbiol. 31:35-38, 1976). An EC, is determined for
samples with infected cells and contacted with compounds,
and an ICs, is determined for samples with uninfected cells
contacted with compounds.

For compounds that enhance viral replication, the com-
pound is tested for its ability to increase cell damage caused
by virus, as compared to a control wherein the cell is treated
with virus alone and a control wherein the cell is treated with
the compound alone.

5.3.1.5 Virus Yield Assay

Lysed cells and supernatants from infected cultures such as
those in the CPE inhibition assay (See Section 5.3.1.3) can be
used to assay for virus yield (production of viral particles after
the primary infection). In a non-limiting example, these
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supernatants are serially diluted and added onto monolayers
of susceptible cells (e.g., Vero cells). Development of CPE in
these cells is an indication of the presence of infectious
viruses in the supernatant.

5.3.1.6 Plaque Assay

In a non-limiting example of a plaque assay, the virus is
diluted into various concentrations and added to each well
containing a monolayer of the target cells in triplicate. The
plates are then incubated for a period of time to achieve
effective infection of the control sample (e.g., 1 hour with
shaking every fifteen minutes). After the incubation period,
an equal amount of 1% agarose is added to an equal volume of
each compound dilution prepared in 2x concentration. In
certain embodiments, final compound concentrations
between 0.03 pg/ml to 100 pg/ml can be tested with a final
agarose overlay concentration of 0.5%. The drug agarose
mixture is applied to each well in 2 ml volume and the plates
are incubated for three days, after which the cells are stained
with a 1.5% solution of neutral red. At the end of the 4-6 hour
incubation period, the neutral red solution is aspirated, and
plaques counted using a stereomicroscope. Alternatively, a
final agarose concentration of 0.4% can be used. In other
embodiments, the plates are incubated for more than three
days with additional overlays being applied on day four and
on day 8 when appropriate. In another embodiment, the over-
lay medium is liquid rather than semi-solid.

5.3.1.7 Hemagglutination Assays

In a non-limiting example of a hemagglutination assay,
cells are contacted with a compound and are concurrently or
subsequently infected with the virus (e.g., atan MOl of 1) and
the virus is incubated under conditions to permit virus repli-
cation (e.g., 20-24 hours). The compounds are preferably
present throughout the course of infection. Viral replication
and release of viral particles is then determined by hem-
agglutination assays using 0.5% chicken red blood cells. In
some embodiments, a compound is considered an inhibitor of
viral replication if it reduces viral replication by at least 2
wells of HA, which equals approximately a 75% reduction in
viral titer. In specific embodiments, an inhibitor reduces viral
titer in this assay by 50% or more, by 55% or more, by 60%
or more, by 65% or more, by 70% or more, by 75% or more,
by 80% or more, by 85% or more, by 90% or more, or by 95%
or more.

5.3.2 Cytotoxicity Assays

In some embodiments, compounds differentially affect the
viability of uninfected cells and cells infected with virus. The
differential effect of a compound on the viability of virally
infected and uninfected cells may be assessed using tech-
niques known to one of skill in the art or described herein. In
certain embodiments, compounds are more toxic to cells
infected with a virus than uninfected cells. In specific
embodiments, compounds preferentially affect the viability
of cells infected with a virus.

Many assays well-known in the art can be used to assess
viability of cells (infected or uninfected) or cell lines follow-
ing exposure to a compound and, thus, determine the cyto-
toxicity of the compound. For example, cell proliferation can
be assayed by measuring Bromodeoxyuridine (BrdU) incor-
poration (See, e.g., Hoshino et al., 1986, Int. J. Cancer 38,
369; Campana et al., 1988, J. Immunol. Meth. 107:79), 3H)
thymidine incorporation (See, e.g., Chen, J., 1996, Oncogene
13:1395-403; Jeoung, ., 1995, J. Biol. Chem. 270:18367 73),
by direct cell count, or by detecting changes in transcription,
translation or activity of known genes such as proto-onco-
genes (e.g., fos, myc) or cell cycle markers (Rb, cdc2, cyclin
A, D1,D2, D3, E, etc). The levels of such protein and mRNA
and activity can be determined by any method well known in
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the art. For example, protein can be quantitated by known
immunodiagnostic methods such as ELISA, Western blotting
or immunoprecipitation using antibodies, including commer-
cially available antibodies. mRNA can be quantitated using
methods that are well known and routine in the art, for
example, using northern analysis, RNase protection, or poly-
merase chain reaction in connection with reverse transcrip-
tion. Cell viability can be assessed by using trypan-blue stain-
ing or other cell death or viability markers known in the art. In
a specific embodiment, the level of cellular ATP is measured
to determined cell viability.

In specific embodiments, cell viability is measured in
three-day and seven-day periods using an assay standard in
the art, such as the CellTiter-Glo Assay Kit (Promega) which
measures levels of intracellular ATP. A reduction in cellular
ATP is indicative of a cytotoxic effect. In another specific
embodiment, cell viability can be measured in the neutral red
uptake assay. In other embodiments, visual observation for
morphological changes may include enlargement, granular-
ity, cells with ragged edges, a filmy appearance, rounding,
detachment from the surface of the well, or other changes.
These changes are given a designation of T (100% toxic),
PVH (partially toxic—very heavy—S80%), PH (partially
toxic—heavy—60%), P (partially toxic-40%), Ps (partially
toxic—slight—20%), or 0 (no toxicity—0%), conforming to
the degree of cytotoxicity seen. A 50% cell inhibitory (cyto-
toxic) concentration (IC,,) is determined by regression
analysis of these data.

In a specific embodiment, the cells used in the cytotoxicity
assay are animal cells, including primary cells and cell lines.
In some embodiments, the cells are human cells. In certain
embodiments, cytotoxicity is assessed in one or more of the
following cell lines: U937, a human monocyte cell line; pri-
mary peripheral blood mononuclear cells (PBMC); Huh7, a
human hepatoblastoma cell line; 293T, a human embryonic
kidney cell line; and THP-1, monocytic cells. In certain
embodiments, cytotoxicity is assessed in one or more of the
following cell lines: MDCK, MEF, Huh 7.5, Detroit, or
human tracheobronchial epithelial (HTBE) cells.

Compounds can be tested for in vivo toxicity in animal
models. For example, animal models, described herein and/or
others known in the art, used to test the activities of com-
pounds can also be used to determine the in vivo toxicity of
these compounds. For example, animals are administered a
range of concentrations of compounds. Subsequently, the
animals are monitored over time for lethality, weight loss or
failure to gain weight, and/or levels of serum markers that
may be indicative of tissue damage (e.g., creatine phospho-
kinase level as an indicator of general tissue damage, level of
glutamic oxalic acid transaminase or pyruvic acid transami-
nase as indicators for possible liver damage). These in vivo
assays may also be adapted to test the toxicity of various
administration mode and/or regimen in addition to dosages.

The toxicity and/or efficacy of a compound in accordance
with the invention can be determined by standard pharmaceu-
tical procedures in cell cultures or experimental animals, e.g.,
for determining the LD, (the dose lethal to 50% of the popu-
lation) and the EDs, (the dose therapeutically effective in
50% of the population). The dose ratio between toxic and
therapeutic effects is the therapeutic index and it can be
expressed as the ratio LD,,/EDs,. A compound identified in
accordance with the invention that exhibits large therapeutic
indices is preferred. While a compound identified in accor-
dance with the invention that exhibits toxic side effects may
be used, care should be taken to design a delivery system that
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targets such agents to the site of affected tissue in order to
minimize potential damage to uninfected cells and, thereby,
reduce side effects.

The data obtained from the cell culture assays and animal
studies can be used in formulating a range of dosage of a
compound identified in accordance with the invention for use
in humans. The dosage of such agents lies preferably within a
range of circulating concentrations that include the EDs, with
little or no toxicity. The dosage may vary within this range
depending upon the dosage form employed and the route of
administration utilized. For any agent used in the method of
the invention, the therapeutically effective dose can be esti-
mated initially from cell culture assays. A dose may be for-
mulated in animal models to achieve a circulating plasma
concentration range that includes the I1Cs, (i.e., the concen-
tration of the test compound that achieves a half-maximal
inhibition of symptoms) as determined in cell culture. Such
information can be used to more accurately determine useful
doses in humans. Levels in plasma may be measured, for
example, by high-performance liquid chromatography. Addi-
tional information concerning dosage determination is pro-
vided in Section 5.5.4, infra.

5.3.3 Apoptosis Assay

Any technique known to one of skill in the art can be used
to determine whether a compound has an apoptotic effect. For
example, a fluorescence-based assay for caspase-3 activity
can be used to detect whether a compound has a pro- or
anti-apoptotic effect. In one example of such an assays, cells
are seeded into 60 mm tissue culture treated dishes at 1.5x10°
cells per dish and allowed to incubate for 24 hours. After
incubation, the medium is aspirated and the cells are washed
with PBS. Fresh DMEM post-infection medium was added,
containing compounds at the same concentrations as has been
used for the viral infections. As a positive control for the
induction of apoptosis, cells are treated with any known
inducer of apoptosis, for example, staurosporin at a concen-
tration of 5 uM. Cells are incubated for 6 hours. Subsequently,
they are harvested, washed twice with PBS, lysed and incu-
bated with the colorimetric substrate for an additional hour, at
which time fluorescence is measured. An increase in fluores-
cence relative to a negative control or cells not treated with the
compound indicates that the compound is pro-apoptotic.

5.3.4 Animal Model Studies

Compounds and compositions are preferably assayed in
vivo for the desired therapeutic or prophylactic activity prior
to use in humans. For example, in vivo assays can be used to
determine whether it is preferable to administer a compound
and/or another therapeutic agent. For example, to assess the
use of a compound to prevent a viral infection, the compound
can be administered before the animal is infected with the
virus. Alternatively, or in addition, a compound can be admin-
istered to the animal at the same time that the animal is
infected with the virus. To assess the use of a compound to
treat or manage a viral infection, in one embodiment, the
compound is administered after a viral infection in the ani-
mal. In another embodiment, a compound is administered to
the animal at the same time that the animal is infected with the
virus to treat and/or manage the viral infection. In a specific
embodiment, the compound is administered to the animal
more than one time.

Compounds can be tested for antiviral activity against virus
in animal models systems including, but are not limited to,
rats, mice, chicken, cows, monkeys, pigs, goats, sheep, dogs,
rabbits, guinea pigs, etc. In a specific embodiment of the
invention, compounds are tested in a mouse model system.
Such model systems are widely used and well-known to the
skilled artisan. Compounds can also be tested for replication
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enhancing activity toward virus replication in animal models
systems including, but are not limited to, rats, mice, chicken,
cows, monkeys, pigs, goats, sheep, dogs, rabbits, guinea pigs,
etc. In a specific embodiment of the invention, compounds are
tested in a mouse model system. Such model systems are
widely used and well-known to the skilled artisan. Non-lim-
iting examples of animal models for influenza virus are pro-
vided in Section 5.3.4.1 below.

Animals are infected with virus and concurrently or sub-
sequently treated with a compound or placebo. Alternatively,
animals are treated with a compound or placebo and subse-
quently infection with virus. Samples obtained from these
animals (e.g., serum, urine, sputum, semen, saliva, plasma, or
tissue sample) can be tested for viral replication via well
known methods in the art, e.g., those that measure altered
viral titers (as determined, e.g., by plaque formation), the
production of viral proteins (as determined, e.g., by Western
blot, ELISA, or flow cytometry analysis) or the production of
viral nucleic acids (as determined, e.g., by RT-PCR or north-
ern blot analysis). For quantitation of virus in tissue samples,
tissue samples are homogenized in phosphate-buffered saline
(PBS), and dilutions of clarified homogenates are adsorbed
for 1 hour at 37° C. onto monolayers of cells (e.g., Vero, CEF
or MDCK cells). In other assays, histopathologic evaluations
are performed after infection, preferably evaluations of the
organ(s) the virus is known to target for infection. Virus
immunohistochemistry can be performed using a viral-spe-
cific monoclonal antibody.

The effect of a compound on the virulence of a virus can
also be determined using in vivo assays in which the titer of
the virus in an infected subject administered a compound, the
length of survival of an infected subject administered a com-
pound, the immune response in an infected subject adminis-
tered a compound, the number, duration and/or severity of the
symptoms in an infected subject administered a compound,
and/or the time period before onset of one or more symptoms
in an infected subject administered a compound is assessed.
Techniques known to one of skill in the art can be used to
measure such effects.

5.3.4.1 Influenza Virus Animal Models

Animal models, such as ferret, mouse, guinea pig, and
chicken, developed for use to test antiviral agents against
influenza virus have been described, See, e.g., Sidwell et al.,
Antiviral Res., 2000, 48:1-16; Lowen A. C. et al. PNAS.,
2006, 103: 9988-92; and McCauley et al., Antiviral Res.,
1995, 27:179-186. For mouse models of influenza, non-lim-
iting examples of parameters that can be used to assay anti-
viral activity of compounds administered to the influenza-
infected mice include pneumonia-associated death, serum
al-acid glycoprotein increase, animal weight, lung virus
assayed by hemagglutinin, lung virus assayed by plaque
assays, and histopathological change in the lung. Statistical
analysis is carried out to calculate significance (e.g., a P value
01 0.05 or less).

Nasal turbinates and trachea may be examined for epithe-
lial changes and subepithelial inflammation. The lungs may
be examined for bronchiolar epithelial changes and peribron-
chiolar inflammation in large, medium, and small or terminal
bronchioles. The alveoli are also evaluated for inflammatory
changes. The medium bronchioles are graded on a scale of 0
to 3+ as follows: O (normal: lined by medium to tall columnar
epithelial cells with ciliated apical borders and basal pseu-
dostratified nuclei; minimal inflammation); 1+ (epithelial
layer columnar and even in outline with only slightly
increased proliferation; cilia still visible on many cells); 2+
(prominent changes in the epithelial layer ranging from
attenuation to marked proliferation; cells disorganized and
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layer outline irregular at the luminal border); 3+ (epithelial
layer markedly disrupted and disorganized with necrotic cells
visible in the lumen; some bronchioles attenuated and others
in marked reactive proliferation).

The trachea is graded on a scale of 0 to 2.5+ as follows: 0
(normal: Lined by medium to tall columnar epithelial cells
with ciliated apical border, nuclei basal and pseudostratified.
Cytoplasm evident between apical border and nucleus. Occa-
sional small focus with squamous cells); 1+ (focal squamous
metaplasia of the epithelial layer); 2+ (diffuse squamous
metaplasia of much of the epithelial layer, cilia may be evi-
dent focally); 2.5+ (diffuse squamous metaplasia with very
few cilia evident).

Virus immunohistochemistry is performed using a viral-
specific monoclonal antibody (e.g. NP-; N- or HN-specific
monoclonal antibodies). Staining is graded 0 to 3+ as follows:
0 (no infected cells); 0.5+ (few infected cells); 1+ (few
infected cells, as widely separated individual cells); 1.5+ (few
infected cells, as widely separated singles and in small clus-
ters); 2+ (moderate numbers of infected cells, usually affect-
ing clusters of adjacent cells in portions of the epithelial layer
lining bronchioles, or in small sublobular foci in alveoli); 3+
(numerous infected cells, affecting most of the epithelial
layer in bronchioles, or widespread in large sublobular foci in
alveoli).

5.3.5 Assays in Humans

In one embodiment, candidate compounds that modulate
replication of a negative-sense, single-stranded RNA virus
are assessed human subjects suffering from such an infection
with such a virus. In accordance with this embodiment, a
candidate compound or a control compound is administered
to the human subject, and the effect of a test compound on
viral replication is determined by, e.g., analyzing the level of
the virus or viral nucleic acids in a biological sample (e.g.,
serum or plasma). A candidate compound that alters the virus
replication can be identified by comparing the level of virus
replication in a subject or group of subjects treated with a
control compound to that in a subject or group of subjects
treated with a candidate compound. Alternatively, alterations
in viral replication can be identified by comparing the level of
the virus replication in a subject or group of subjects before
and after the administration of a candidate compound. Tech-
niques known to those of skill in the art can be used to obtain
the biological sample and analyze the mRNA or protein
expression.

In another embodiment, the effect of a candidate com-
pound on the severity of one or more symptoms associated
with a negative-sense, single-stranded RNA virus are
assessed in a subject having such a virus infection. In accor-
dance with this embodiment, a candidate compound or a
control compound is administered to a human subject sufter-
ing from a negative-sense, single-stranded RNA virus infec-
tion and the effect of a candidate compound on one or more
symptoms of the virus infection is determined. A candidate
compound that reduces one or more symptoms can be iden-
tified by comparing the subjects treated with a control com-
pound to the subjects treated with the test compound. Tech-
niques known to physicians familiar with infectious diseases
can be used to determine whether a candidate compound
reduces one or more symptoms associated with the infectious
disease.

5.4 Compositions
Any compound described herein may optionally be in the

form of a composition comprising the compound and a car-
rier, excipient or diluent. In certain embodiments provided
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herein, compositions (including pharmaceutical composi-
tions) comprise a compound and a pharmaceutically accept-
able carrier, excipient, or diluent.

In other embodiments, provided herein are pharmaceutical
compositions comprising an effective amount of a compound
and a pharmaceutically acceptable carrier, excipient, or dilu-
ent. In a specific embodiment, the pharmaceutical composi-
tions comprise an inhibitor of a negative-sense, single-
stranded RNA virus. The pharmaceutical compositions are
suitable for veterinary and/or human administration.

The pharmaceutical compositions provided herein can be
in any form that allows for the composition to be administered
to a subject, preferably a human.

In a specific embodiment and in this context, the term
“pharmaceutically acceptable carrier, excipient or diluent”
means a carrier, excipient or diluent approved by a regulatory
agency of the Federal or a state government or listed in the
U.S. Pharmacopeia or other generally recognized pharma-
copeia for use in animals, and more particularly in humans.
The term “carrier” refers to a diluent, adjuvant (e.g., Freund’s
adjuvant (complete and incomplete)), excipient, or vehicle
with which the therapeutic is administered. Such pharmaceu-
tical carriers can be sterile liquids, such as water and oils,
including those of petroleum, animal, vegetable or synthetic
origin, such as peanut oil, soybean oil, mineral oil, sesame oil
and the like. Water is a specific carrier when the pharmaceu-
tical composition is administered intravenously. Saline solu-
tions and aqueous dextrose and glycerol solutions can also be
employed as liquid carriers, particularly for injectable solu-
tions. Examples of suitable pharmaceutical carriers are
described in “Remington’s Pharmaceutical Sciences” by E.
W. Martin.

Typical compositions and dosage forms comprise one or
more excipients. Suitable excipients are well-known to those
skilled in the art of pharmacy, and non limiting examples of
suitable excipients include starch, glucose, lactose, sucrose,
gelatin, malt, rice, flour, chalk, silica gel, sodium stearate,
glycerol monostearate, talc, sodium chloride, dried skim
milk, glycerol, propylene, glycol, water, ethanol and the like.
Whether a particular excipient is suitable for incorporation
into a pharmaceutical composition or dosage form depends
on a variety of factors well known in the art including, but not
limited to, the way in which the dosage form will be admin-
istered to a patient and the specific active ingredients in the
dosage form. The composition or single unit dosage form, if
desired, can also contain minor amounts of wetting or emul-
sifying agents, or pH buffering agents.

Lactose free compositions can comprise excipients that are
well known in the art and are listed, for example, in the U.S.
Pharmacopeia (USP) SP (XXI)/NF (XVI). In general, lactose
free compositions comprise an active ingredient, a binder/
filler, and a lubricant in pharmaceutically compatible and
pharmaceutically acceptable amounts. Specific lactose free
dosage forms comprise a compound, microcrystalline cellu-
lose, pre gelatinized starch, and magnesium stearate.

Further provided herein are anhydrous pharmaceutical
compositions and dosage forms comprising one or more com-
pounds, since water can facilitate the degradation of some
compounds. For example, the addition of water (e.g., 5%) is
widely accepted in the pharmaceutical arts as a means of
simulating long term storage in order to determine character-
istics such as shelf life or the stability of formulations over
time. See, e.g., Jens T. Carstensen, Drug Stability: Principles
& Practice, 2d. Ed., Marcel Dekker, NY, N.Y., 1995, pp. 379
80. In effect, water and heat accelerate the decomposition of
some compounds. Thus, the effect of water on a formulation
can be of great significance since moisture and/or humidity
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are commonly encountered during manufacture, handling,
packaging, storage, shipment, and use of formulations.

Anhydrous compositions and dosage forms provided
herein can be prepared using anhydrous or low moisture
containing ingredients and low moisture or low humidity
conditions. Compositions and dosage forms that comprise
lactose and at least one compound that comprises a primary or
secondary amine are preferably anhydrous if substantial con-
tact with moisture and/or humidity during manufacturing,
packaging, and/or storage is expected.

An anhydrous composition should be prepared and stored
such that its anhydrous nature is maintained. Accordingly,
anhydrous compositions are preferably packaged using mate-
rials known to prevent exposure to water such that they can be
included in suitable formulary kits. Examples of suitable
packaging include, but are not limited to, hermetically sealed
foils, plastics, unit dose containers (e.g., vials), blister packs,
and strip packs.

Further provided herein are compositions and dosage
forms that comprise one or more agents that reduce the rate by
which a compound will decompose. Such agents, which are
referred to herein as “stabilizers,” include, but are not limited
to, antioxidants such as ascorbic acid, pH buffers, or salt
buffers.

The compositions and single unit dosage forms can take the
form of solutions, suspensions, emulsion, tablets, pills, cap-
sules, powders, sustained-release formulations and the like.
Oral formulation can include standard carriers such as phar-
maceutical grades of mannitol, lactose, starch, magnesium
stearate, sodium saccharine, cellulose, magnesium carbon-
ate, etc. Such compositions and dosage forms will contain a
prophylactically or therapeutically effective amount of a
compound preferably in purified form, together with a suit-
able amount of carrier so as to provide the form for proper
administration to the patient. The formulation should suit the
mode of administration. In a specific embodiment, the com-
positions or single unit dosage forms are sterile and in suitable
form for administration to a subject, preferably an animal
subject, more preferably a mammalian subject, and most
preferably a human subject.

Compositions provided herein are formulated to be com-
patible with the intended route of administration. Examples
of routes of administration include, but are not limited to,
parenteral, e.g., intravenous, intradermal, subcutaneous, oral
(e.g., inhalation), intranasal, transdermal (topical), transmu-
cosal, intra-synovial and rectal administration. In a specific
embodiment, the composition is formulated in accordance
with routine procedures as a composition adapted for intra-
venous, subcutaneous, intramuscular, oral, intranasal or topi-
cal administration to human beings. In a specific embodi-
ment, a composition is formulated in accordance with routine
procedures for subcutaneous administration to human beings.
Typically, compositions for intravenous administration are
solutions in sterile isotonic aqueous buffer. Where necessary,
the composition may also include a solubilizing agent and a
local anesthetic such as lignocaine to ease pain at the site of
the injection. Examples of dosage forms include, but are not
limited to: tablets; caplets; capsules, such as soft elastic gela-
tin capsules; cachets; troches; lozenges; dispersions; supposi-
tories; ointments; cataplasms (poultices); pastes; powders;
dressings; creams; plasters; solutions; patches; aerosols (e.g.,
nasal sprays or inhalers); gels; liquid dosage forms suitable
for oral or mucosal administration to a patient, including
suspensions (e.g., aqueous or non aqueous liquid suspen-
sions, oil in water emulsions, or a water in oil liquid emul-
sions), solutions, and elixirs; liquid dosage forms suitable for
parenteral administration to a patient; and sterile solids (e.g.,
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crystalline or amorphous solids) that can be reconstituted to
provide liquid dosage forms suitable for parenteral adminis-
tration to a patient.

The composition, shape, and type of dosage forms of the
invention will typically vary depending on their use.

Generally, the ingredients of compositions provided herein
are supplied either separately or mixed together in unit dosage
form, for example, as a dry lyophilized powder or water free
concentrate in a hermetically sealed container such as an
ampoule or sachette indicating the quantity of active agent.
Where the composition is to be administered by infusion, it
can be dispensed with an infusion bottle containing sterile
pharmaceutical grade water or saline. Where the composition
is administered by injection, an ampoule of sterile water for
injection or saline can be provided so that the ingredients may
be mixed prior to administration.

Pharmaceutical compositions provided herein that are suit-
able for oral administration can be presented as discrete dos-
age forms, such as, but are not limited to, tablets (e.g., chew-
able tablets), caplets, capsules, and liquids (e.g., flavored
syrups). Such dosage forms contain predetermined amounts
of active ingredients, and may be prepared by methods of
pharmacy well known to those skilled in the art. See gener-
ally, Remington’s Pharmaceutical Sciences, 18th ed., Mack
Publishing, Easton Pa. (1990).

Typical oral dosage forms provided herein are prepared by
combining a compound in an intimate admixture with at least
one excipient according to conventional pharmaceutical com-
pounding techniques. Excipients can take a wide variety of
forms depending on the form of preparation desired for
administration. For example, excipients suitable for use in
oral liquid or aerosol dosage forms include, but are not limited
to, water, glycols, oils, alcohols, flavoring agents, preserva-
tives, and coloring agents. Examples of excipients suitable for
use in solid oral dosage forms (e.g., powders, tablets, cap-
sules, and caplets) include, but are not limited to, starches,
sugars, micro crystalline cellulose, diluents, granulating
agents, lubricants, binders, and disintegrating agents.

Because of their ease of administration, tablets and cap-
sules represent the most advantageous oral dosage unit forms,
in which case solid excipients are employed. If desired, tab-
lets can be coated by standard aqueous or nonaqueous tech-
niques. Such dosage forms can be prepared by any of the
methods of pharmacy. In general, pharmaceutical composi-
tions and dosage forms are prepared by uniformly and inti-
mately admixing the active ingredients with liquid carriers,
finely divided solid carriers, or both, and then shaping the
product into the desired presentation if necessary.

For example, a tablet can be prepared by compression or
molding. Compressed tablets can be prepared by compress-
ing in a suitable machine the active ingredients in a free
flowing form such as powder or granules, optionally mixed
with an excipient. Molded tablets can be made by molding in
a suitable machine a mixture of the powdered compound
moistened with an inert liquid diluent.

Examples of excipients that can be used in oral dosage
forms provided herein include, but are not limited to, binders,
fillers, disintegrants, and lubricants. Binders suitable for use
in pharmaceutical compositions and dosage forms include,
but are not limited to, corn starch, potato starch, or other
starches, gelatin, natural and synthetic gums such as acacia,
sodium alginate, alginic acid, other alginates, powdered
tragacanth, guar gum, cellulose and its derivatives (e.g., ethyl
cellulose, cellulose acetate, carboxymethyl cellulose cal-
cium, sodium carboxymethyl cellulose), polyvinyl pyrroli-
done, methyl cellulose, pre gelatinized starch, hydroxypropyl
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methyl cellulose, (e.g., Nos. 2208, 2906, 2910), microcrys-
talline cellulose, and mixtures thereof.

Examples of fillers suitable for use in the pharmaceutical
compositions and dosage forms provided herein include, but
are not limited to, talc, calcium carbonate (e.g., granules or
powder), microcrystalline cellulose, powdered cellulose,
dextrates, kaolin, mannitol, silicic acid, sorbitol, starch, pre
gelatinized starch, and mixtures thereof. The binder or filler in
pharmaceutical compositions provided herein is typically
present in from about 50 to about 99 weight percent of the
pharmaceutical composition or dosage form.

Suitable forms of microcrystalline cellulose include, but
are not limited to, the materials sold as AVICEL PH 101,
AVICEL PH 103 AVICEL RC 581, AVICEL PH 105 (avail-
able from FMC Corporation, American Viscose Division,
Avicel Sales, Marcus Hook, Pa.), and mixtures thereof. A
specific binder is a mixture of microcrystalline cellulose and
sodium carboxymethyl cellulose sold as AVICEL RC 581.
Suitable anhydrous or low moisture excipients or additives
include AVICEL PH 103 and Starch 1500 LM.

Disintegrants are used in the compositions provided herein
to provide tablets that disintegrate when exposed to an aque-
ous environment. Tablets that contain too much disintegrant
may disintegrate in storage, while those that contain too little
may not disintegrate at a desired rate or under the desired
conditions. Thus, a sufficient amount of disintegrant that is
neither too much nor too little to detrimentally alter the
release of the active ingredients should be used to form solid
oral dosage forms provided herein. The amount of disinte-
grant used varies based upon the type of formulation, and is
readily discernible to those of ordinary skill in the art. Typical
pharmaceutical compositions comprise from about 0.5 to
about 15 weight percent of disintegrant, specifically from
about 1 to about 5 weight percent of disintegrant.

Disintegrants that can be used in pharmaceutical compo-
sitions and dosage forms provided herein include, but are not
limited to, agar, alginic acid, calcium carbonate, microcrys-
talline cellulose, croscarmellose sodium, crospovidone,
polacrilin potassium, sodium starch glycolate, potato or tapi-
oca starch, pre gelatinized starch, other starches, clays, other
algins, other celluloses, gums, and mixtures thereof.

Lubricants that can be used in pharmaceutical composi-
tions and dosage forms provided herein include, but are not
limited to, calcium stearate, magnesium stearate, mineral oil,
light mineral oil, glycerin, sorbitol, mannitol, polyethylene
glycol, other glycols, stearic acid, sodium lauryl sulfate, talc,
hydrogenated vegetable oil (e.g., peanut oil, cottonseed oil,
sunflower oil, sesame oil, olive oil, corn oil, and soybean oil),
zinc stearate, ethyl oleate, ethyl laureate, agar, and mixtures
thereof. Additional lubricants include, for example, a syloid
silica gel (AEROSIL 200, manufactured by W.R. Grace Co.
of Baltimore, Md.), a coagulated aerosol of synthetic silica
(marketed by Degussa Co. of Plano, Tex.), CAB O SIL (a
pyrogenic silicon dioxide product sold by Cabot Co. of Bos-
ton, Mass. ), and mixtures thereof. If used at all, lubricants are
typically used in an amount of less than about 1 weight
percent of the pharmaceutical compositions or dosage forms
into which they are incorporated.

A compound can be administered by controlled release
means or by delivery devices that are well known to those of
ordinary skill in the art. Examples include, but are not limited
to, those described in U.S. Pat. Nos. 3,845,770; 3,916,899,
3,536,809; 3,598,123; and 4,008,719, 5,674,533, 5,059,595,
5,591,767, 5,120,548, 5,073,543, 5,639,476, 5,354,556, and
5,733,566, each of which is incorporated herein by reference.
Such dosage forms can be used to provide slow or controlled
release of one or more active ingredients using, for example,
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hydropropylmethyl cellulose, other polymer matrices, gels,
permeable membranes, osmotic systems, multilayer coat-
ings, microparticles, liposomes, microspheres, or a combina-
tion thereof to provide the desired release profile in varying
proportions. Suitable controlled release formulations known
to those of ordinary skill in the art, including those described
herein, can be readily selected for use with the active ingre-
dients of the invention. The invention thus encompasses
single unit dosage forms suitable for oral administration such
as, but not limited to, tablets, capsules, gelcaps, and caplets
that are adapted for controlled release.

All controlled release pharmaceutical products have a
common goal of improving drug therapy over that achieved
by their non controlled counterparts. Ideally, the use of an
optimally designed controlled release preparation in medical
treatment is characterized by a minimum of drug substance
being employed to cure or control the condition in a minimum
amount of time. Advantages of controlled release formula-
tions include extended activity of the drug, reduced dosage
frequency, and increased patient compliance. In addition,
controlled release formulations can be used to affect the time
of onset of action or other characteristics, such as blood levels
of the drug, and can thus affect the occurrence of side (e.g.,
adverse) effects.

Most controlled release formulations are designed to ini-
tially release an amount of drug (active ingredient) that
promptly produces the desired therapeutic effect, and gradu-
ally and continually release of other amounts of drug to main-
tain this level of therapeutic or prophylactic effect over an
extended period of time. In order to maintain this constant
level of drug in the body, the drug must be released from the
dosage form at a rate that will replace the amount of drug
being metabolized and excreted from the body. Controlled
release of an active ingredient can be stimulated by various
conditions including, but not limited to, pH, temperature,
enzymes, water, or other physiological conditions or agents.

Parenteral dosage forms can be administered to patients by
various routes including, but not limited to, subcutaneous,
intravenous (including bolus injection), intramuscular, and
intraarterial. Because their administration typically bypasses
patients’ natural defenses against contaminants, parenteral
dosage forms are preferably sterile or capable of being ster-
ilized prior to administration to a patient. Examples of
parenteral dosage forms include, but are not limited to, solu-
tions ready for injection, dry products ready to be dissolved or
suspended in a pharmaceutically acceptable vehicle for injec-
tion, suspensions ready for injection, and emulsions.

Suitable vehicles that can be used to provide parenteral
dosage forms provided herein are well known to those skilled
in the art. Examples include, but are not limited to: Water for
Injection USP; aqueous vehicles such as, but not limited to,
Sodium Chloride Injection, Ringer’s Injection, Dextrose
Injection, Dextrose and Sodium Chloride Injection, and Lac-
tated Ringer’s Injection; water miscible vehicles such as, but
not limited to, ethyl alcohol, polyethylene glycol, and
polypropylene glycol; and non aqueous vehicles such as, but
not limited to, corn oil, cottonseed oil, peanut oil, sesame oil,
ethyl oleate, isopropyl and benzyl benzoate.

Agents that increase the solubility of one or more of the
compounds provided herein can also be incorporated into the
parenteral dosage forms provided herein.

Transdermal, topical, and mucosal dosage forms provided
herein include, but are not limited to, ophthalmic solutions,
sprays, aerosols, creams, lotions, ointments, gels, solutions,
emulsions, suspensions, or other forms known to one of skill
in the art. See, e.g., Remington’s Pharmaceutical Sciences,
16th and 18th eds., Mack Publishing, Easton Pa. (1980 &
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1990); and Introduction to Pharmaceutical Dosage Forms,
4th ed., Lea & Febiger, Philadelphia (1985). Dosage forms
suitable for treating mucosal tissues within the oral cavity can
be formulated as mouthwashes or as oral gels. Further, trans-
dermal dosage forms include “reservoir type” or “matrix
type” patches, which can be applied to the skin and worn for
a specific period of time to permit the penetration of a desired
amount of active ingredients.

Suitable excipients (e.g., carriers and diluents) and other
materials that can be used to provide transdermal, topical, and
mucosal dosage forms provided herein are well known to
those skilled in the pharmaceutical arts, and depend on the
particular tissue to which a given pharmaceutical composi-
tion or dosage form will be applied. With that fact in mind,
typical excipients include, but are not limited to, water,
acetone, ethanol, ethylene glycol, propylene glycol, butane
1,3 diol, isopropyl myristate, isopropyl palmitate, mineral oil,
and mixtures thereof to form lotions, tinctures, creams, emul-
sions, gels or ointments, which are non toxic and pharmaceu-
tically acceptable. Moisturizers or humectants can also be
added to pharmaceutical compositions and dosage forms if
desired. Examples of such additional ingredients are well
known in the art. See, e.g., Remington’s Pharmaceutical Sci-
ences, 16th and 18th eds., Mack Publishing, Easton Pa. (1980
& 1990).

Depending on the specific tissue to be treated, additional
components may be used prior to, in conjunction with, or
subsequent to treatment with a compound. For example, pen-
etration enhancers can be used to assist in delivering the
active ingredients to the tissue. Suitable penetration enhanc-
ers include, but are not limited to: acetone; various alcohols
such as ethanol, oleyl, and tetrahydrofuryl; alkyl sulfoxides
such as dimethyl sulfoxide; dimethyl acetamide; dimethyl
formamide; polyethylene glycol; pyrrolidones such as poly-
vinylpyrrolidone; Kollidon grades (Povidone, Polyvidone);
urea; and various water soluble or insoluble sugar esters such
as Tween 80 (polysorbate 80) and Span 60 (sorbitan
monostearate).

The pH of a pharmaceutical composition or dosage form,
or of the tissue to which the pharmaceutical composition or
dosage form is applied, may also be adjusted to improve
delivery of one or more compounds. Similarly, the polarity of
a solvent carrier, its ionic strength, or tonicity can be adjusted
to improve delivery. Agents such as stearates can also be
added to pharmaceutical compositions or dosage forms to
advantageously alter the hydrophilicity or lipophilicity of one
or more compounds so as to improve delivery. In this regard,
stearates can serve as a lipid vehicle for the formulation, as an
emulsifying agent or surfactant, and as a delivery enhancing
or penetration enhancing agent. Different salts, hydrates or
solvates of the compounds can be used to further adjust the
properties of the resulting composition.

In certain specific embodiments, the compositions are in
oral, injectable, or transdermal dosage forms. In one specific
embodiment, the compositions are in oral dosage forms. In
another specific embodiment, the compositions are in the
form of injectable dosage forms. In another specific embodi-
ment, the compositions are in the form of transdermal dosage
forms.

5.5 Prophylactic and Therapeutic Uses of Inhibitors
of Virus Replication

The invention provides methods for inhibiting replication
of a negative-sense, single-stranded RNA virus utilizing an
inhibitor described herein. In a specific embodiment, a
method for inhibiting replication of a negative-sense, single-
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stranded RNA virus comprises contacting an inhibitor with a
composition comprising a cell infected with a negative-sense,
single-stranded RNA virus. In another embodiment, a
method for inhibiting replication of a negative-sense, single-
stranded RNA virus comprises: (i) contacting a cell that per-
mits replication of the negative-sense, single-stranded RNA
virus with an inhibitor; and (ii) infecting the cell with the
negative-sense, single-stranded RNA virus. In another
embodiment, a method for inhibiting replication of a nega-
tive-sense, single-stranded RNA virus comprises: (i) infect-
ing a cell with a negative-sense, single-stranded RNA virus,
wherein the cell permits replication of a negative-sense,
single-stranded RNA virus; and (ii) contacting the infected
cell with an inhibitor. In certain embodiments, the cell is
contacted with a negative-sense, single-stranded RNA virus
concurrently or within, for example, 5 seconds, 15 seconds,
30 seconds, 1 minute, 5 minutes, 15 minutes, 30 minutes, 1
hour, 2 hours, 6 hours, 12 hours, 16 hours or 24 hours of each
other. In certain embodiments, the inhibitor is a PKC inhibi-
tor. In certain embodiments, the PKC inhibitor is not H7,
staurosporine, bisindolylmaleimide I, calphostin C, or
G66976. In certain embodiments, the inhibitor is a sodium
channel opener. In certain embodiments, the inhibitor is a
calcium channel opener. In certain embodiments, the inhibi-
tor is a Na+/K+ ATPase inhibitor. In one embodiment, the
inhibitor is ouabain, lanatoside C, digoxin, SDZ-201106,
strophanthidin, or rottlerin. In another embodiment, the
inhibitor is K8644 (+) or FPL-64176. In another embodiment,
the inhibitor a compound with the formula A3-G, including,
but not limited to, 2-(5-(2,3-dimethyl-1H-indol-5-y1)-1,3,4-
oxadiazol-2-ylthio)-1-(pyrrolidin-1-yl)ethanone (“A3”);
2-(5-(2,3-dimethyl-1H-indol-5-y1)-1,3,4-oxadiazol-2-
ylthio)-N,N-diethylacetamide (“A3-2"); 2-(5-(2,3-dimethyl-
1H-indol-5-y1)-1,3,4-oxadiazol-2-ylthio)-1-(indolin-1-y1)
ethanone (“A3-3”); 2-(5-(2,3-dimethyl-1H-indol-5-y1)-1,3,
4-oxadiazol-2-ylthio)-N,N-diisopropylacetamide (“A3-4”);
2-(5-(2,3-dimethyl-1H-indol-5-y1)-1,3,4-oxadiazol-2-
ylthio)-1-morpholinoethanone (“A3-5"); or 1-(azepan-1-yl)-
2-(5-(2,3-dimethyl-1H-indol-5-y1)-1,3,4-oxadiazol-2-
ylthio)ethanone (“A3-6"). In certain embodiments, the
inhibitor is a compound with the formula A3. In other
embodiments, the inhibitor is a compound with the formula
A3-2,A3-3,A3-4, A3-5, or A3-6. In certain embodiments, the
inhibitor is a compound with the formula 4-(4-bromophenyl)-
N-methyl-N-(tetrahydro-1,1-dioxido-3-thienyl)-2-thiazola-
mine (“A35”); N-methyl-4-(4-nitrophenyl)-N-(phenylm-
ethyl)-2-thiazolamine (“A35-17); 4-[[4-(4-chlorophenyl)-1,
3-thiazol-2-yl](methyl)amino]phenol (“A35-4”); or 4-(4-
chlorophenyl)-N,N-dimethylthiazol-2-amine (“A35-5"). In
certain specific embodiments, the inhibitor is a compound
with the formula A35. In other embodiments, the inhibitor is
a compound with the formula 9-(benzo[d][1,3]dioxol-5-y1)-
4-hydroxy-6,7-dimethoxynaphtho([2,3-e|furan-1(3H)-one
(“C2”). In particular embodiments, the inhibitor is a not a
compound with the formula C2.

The invention provides methods for inhibiting replication
of negative-sense, single-stranded RNA viruses in a subject
comprising administering an inhibitor of viral replication to
the subject. In a specific embodiment, the inhibitor is admin-
istered to a subject infected with the virus. In certain embodi-
ments, the inhibitor is a PKC inhibitor. In certain embodi-
ments, the PKC inhibitor is not H7, staurosporine,
bisindolylmaleimide I, calphostin C, or G66976. In certain
embodiments, the inhibitor is a sodium channel opener. In
certain embodiments, the inhibitor is a calcium channel
opener. In certain embodiments, the inhibitor is a Na+/K+
ATPase inhibitor. In one embodiment, the inhibitor is oua-
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bain, lanatoside C, digoxin, SDZ-201106, strophanthidin, or
rottlerin. In one embodiment, the inhibitor is K8644 (z) or
FPL-64176. In another embodiment, the inhibitor is K8644
(£) or FPL-64176. In another embodiment, the inhibitor is a
compound with the formula A3-G, such as a compound with
the formula A3, A3-2, A3-3, A3-4, A3-5 or A3-6; a compound
with the formula A35, A35-1, A35-4, A35-5; or a compound
with the formula C2. In certain embodiments, the inhibitor is
not a compound with the formula C2.

The invention provides methods of preventing, treating
and/or managing a negative-sense, single-stranded RNA
virus infection, said methods comprising administering to a
subject in need thereof one or more inhibitors. In a specific
embodiment, the invention provides a method of preventing,
treating and/or managing a negative-sense, single-stranded
RNA virus infection, said method comprising administering
to a subject in need thereof a dose of a prophylactically or
therapeutically effective amount of one or more inhibitors or
a composition comprising an inhibitor. A compound or a
composition comprising an inhibitor may be used as any line
of therapy (e.g., a first, second, third, fourth or fifth line
therapy) for a negative-sense, single-stranded RNA virus
infection.

Non-limiting examples of non-segmented, negative-sense,
single-stranded RNA viruses whose replication may be inhib-
ited or reduced or whose infection may be prevented, treated
and/or managed by the administration of one or more inhibi-
tors or a composition comprising one or more inhibitors
include: rhabdoviruses (e.g., vesicular stomatitis virus
(VSV), rabies, and rabies-related viruses), paramyxoviruses
(e.g., Newcastle Disease Virus (NDV), measles virus, mumps
virus, parainfluenza viruses such as Sendai virus, and pneu-
moviruses such as respiratory syncytial virus (RSV) and
metapneumovirus), filoviruses (e.g., Ebola virus and Mar-
burg virus), hepatitis delta virus, and bornaviruses. Non-lim-
iting examples of segmented, negative-sense, single-stranded
RNA viruses whose replication may be inhibited or reduced
or whose infection may be prevented, treated and/or managed
by the administration of one or more inhibitors or a compo-
sition comprising one or more inhibitors include: orthomyx-
oviruses (e.g., influenza A virus, influenza B virus, influenza
C virus, thogoto virus, and infectious salmon anemia virus),
bunyaviruses (e.g., bunyamwera virus, Hantaan virus, Dugbe
virus, Rift Valley fever virus, and tomato spotted wilt virus),
and arenaviruses (e.g., Lassa virus, Junin virus, Machupo
virus, and lymphocytic choriomeningitis virus). In a specific
embodiment, the negative-sense, single-stranded RNA virus
is an enveloped virus. In another specific embodiment, the
negative-sense, single-stranded RNA virus is influenza virus
(e.g., an influenza A virus, influenza B virus, or influenza C
virus). In one embodiment, the influenza A virus is an H5N1
isolate. In another embodiment, the influenza A virus is an
HINTI isolate. In another embodiment, the negative-sense,
single-stranded RNA virus is a parainfluenza virus, a measles
virus, a mumps virus, or a respiratory syncytial virus (RSV).
Inone embodiment, the parainfluenza virus is Sendai virus. In
one embodiment, the parainfluenza virus is a human parain-
fluenza virus (HPIV). In specific embodiments the HPIV is
HPIV type 2 (HPIV-2), HPIV type 3 (HPIV-3), or HPIV type
4 (HPIV-4). In one embodiment, the HPIV-4 is subtype A. In
another embodiment, the HPIV-4 is subtype B. In a specific
embodiment, the virus is NDV. In another specific embodi-
ment, the virus is VSV. In certain embodiments, the virus is
not a rhabdovirus. In certain other embodiments, the nega-
tive-sense, single-stranded RNA virus is not VSV. In certain
embodiments, the negative-sense, single-stranded RNA virus
is not a Sendai virus.
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In a specific embodiment, the negative-sense, single-
stranded RNA virus infects humans. In some embodiments,
the negative-sense, single-stranded RNA virus is a naturally
occurring strain, variant or mutant of a negative-sense, single-
stranded RNA virus, a mutagenized negative-sense, single-
stranded RNA virus, a reassortant negative-sense, single-
stranded RNA virus and/or a genetically engineered negative-
sense, single-stranded RNA virus.

In specific embodiments, an inhibitor is the only active
ingredient administered to prevent, treat and/or manage a
negative-sense, single-stranded RNA virus infection. In a
certain embodiment, an inhibitor is the only active ingredient
in a composition that is administered to prevent, treat and/or
manage a negative-sense, single-stranded RNA virus. In other
embodiments, more than one inhibitor is administered in
order to achieve a synergistic effect.

In different embodiments of the invention, the inhibitor
may interfere with one or more stages of the viral life cycle.
The steps of a viral life cycle include, but are not limited to,
virus attachment to the host cell surface, penetration or entry
of the host cell (e.g., through receptor mediated endocytosis
or membrane fusion), uncoating (the process whereby the
viral capsid is removed is degraded by viral enzymes or host
enzymes thus releasing the viral genomic nucleic acid),
genome replication, synthesis of viral messenger RNA
(mRNA), viral protein synthesis, and assembly of viral ribo-
nucleoprotein complexes for genome replication, assembly
of virus particles, post-translational modification of the viral
proteins, and release from the host cell by lysis or budding and
acquisition of a phospholipid envelope which contains
embedded viral glycoproteins. In a specific embodiment, the
inhibitor interferes with entry into the host cell. In certain
specific embodiments, the inhibitor interferes with entry of
viruses that enter cells by endocytosis. In certain embodi-
ments, the inhibitor interferes with entry of viruses that enter
cells by endocytosis but not entry of viruses that enter cells by
fusion with the plasma membrane. In a specific embodiment,
the inhibitor interferes with viral genome replication. In
another embodiment, the inhibitor interferes with synthesis
of viral mRNA and/or viral protein synthesis. In another
embodiment, the inhibitor interferes with viral RNA packag-
ing. In another embodiment, the inhibitor interferes with viral
RNA trafficking.

In particular embodiments, compounds which inhibit or
reduce the replication of negative-sense, single-stranded
RNA viruses inhibit one or more of the following steps of the
viral life cycle: viral entry, RNA replication, or RNA tran-
scription. These steps of the viral cycle may be assayed using
techniques known to one of skill in the art. RNA replication
and transcription may be measured by measuring the replica-
tion and transcription of reporter gene product from an influ-
enza virus mini-genome reporter construct, using, e.g., the
assays disclosed herein. Such assays permit the identification
of inhibitors of the viral polymerase or inhibitors of cellular
proteins that are involved in viral RNA replication, translation
or RNA trafficking. In some embodiments, the inhibitor
affects steps in the viral life cycle up to and including trans-
lation of viral RNAs, but not later stages in the viral life cycle
such as, e.g., viral assembly, budding and release. In some
embodiments, the compound does not have an inhibitory
effect on the overall host cell replication machinery, or has
only a slight inhibitory effect compared to the effect on viral
replication, as monitored by assays such as, e.g., the expres-
sion of a renilla luciferase reporter from a control plasmid
(e.g., pGL3 described in Section 6 below).

In some embodiments, an inhibitor specifically interferes
with the replication of a negative-sense, single-stranded RNA
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virus. In other embodiments, an inhibitor interferes with the
replication of multiple negative-sense, single-stranded RNA
viruses. The inhibitor may interfere with the replication of
one or more of the following non-segmented negative-sense,
single-stranded RNA viruses: a rhabdovirus (e.g., vesicular
stomatitis virus (VSV) or a rabies or rabies-related virus), a
paramyxovirus (e.g., Newecastle Disease Virus (NDV),
measles virus, mumps virus, a parainfluenza virus such as
Sendai virus, or a pneumovirus such as respiratory syncytial
virus (RSV) or metapneumovirus), filovirus (e.g., Ebola virus
or Marburg virus), hepatitis delta virus, or bornavirus. The
inhibitor may interfere with the replication of one or more of
the following segmented, negative-sense, single-stranded
RNA viruses: an orthomyxovirus (e.g., influenza A virus,
influenza B virus, influenza C virus, thogoto virus, or infec-
tious salmon anemia virus), a bunyavirus (e.g., a bunyamwera
virus, Hantaan virus, Dugbe virus, Rift Valley fever virus, or
tomato spotted wilt virus), or an arenavirus (e.g., Lassa virus,
Junin virus, Machupo virus, or lymphocytic choriomeningitis
virus). In a specific embodiment, the negative-sense, single-
stranded RNA virus is an enveloped virus. In another specific
embodiment, the negative-sense, single-stranded RNA virus
is a influenza virus (e.g., an influenza A virus, influenza B
virus or influenza C virus). In one embodiment, the influenza
A virus is an H5N1 isolate. In another embodiment, the influ-
enza A virus is an HIN1 isolate. In another embodiment, the
negative-sense, single-stranded RNA virus is a parainfluenza
virus, a measles virus, a mumps virus or a respiratory syncy-
tial virus (RSV). In one embodiment, the parainfluenza virus
is Sendai virus. In one embodiment, the parainfluenza virus is
a human parainfluenza virus (HPIV). In specific embodi-
ments the HPIV is HPIV type 2 (HPIV-2), HPIV type 3
(HPIV-3), or HPIV type 4 (HPIV-4). In one embodiment, the
HPIV-4 is subtype A. In another embodiment, the HPIV-4 is
subtype B. In a specific embodiment, the negative-sense,
single-stranded RNA virus is NDV. In a specific embodiment,
the negative-sense, single-stranded RNA virus is VSV. In
certain embodiments, the negative-sense, single-stranded
RNA virus is not a rhabdovirus. In certain embodiments, the
negative-sense, single-stranded RNA virus is not VSV.

In some embodiments, an inhibitor reduces the viral repli-
cation of one type, subtype or strain of a negative-sense,
single-stranded A virus more than another. For example, an
inhibitor may reduce the replication of an influenza A virus
more than it reduces the replication of an influenza B virus,
and vice versa.

The choice of inhibitors to be used depends on a number of
factors, including but not limited to the type of viral infection,
health and age of the patient, and toxicity or side effects.

The present invention encompasses methods for prevent-
ing, treating, and/or managing a negative-sense, single-
stranded RNA virus infection for which no antiviral therapy is
available. The present invention also encompasses methods
for preventing, treating, and/or managing a negative-sense,
single-stranded RNA virus infection as an alternative to other
conventional therapies.

The present invention also provides methods of preventing,
treating and/or managing a negative-sense, single-stranded
RNA virus infection, said methods comprising administering
to a subject in need thereof one or more of the inhibitors and
one or more other therapies (e.g., prophylactic or therapeutic
agents). In a specific embodiment, the other therapies are
currently being used, have been used or are known to be
useful in the prevention, treatment and/or management of a
viral infection. Non-limiting examples of such therapies are
provided in Section 5.5.3.1, infra. In a specific embodiment,
one or more inhibitors are administered to a subject in com-
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bination with one or more of the therapies described in Sec-
tion 5.5.3.1, infra. In another embodiment, one or more
inhibitors are administered to a subject in combination with a
supportive therapy, a pain relief therapy, or another therapy
that does not have antiviral activity.

The combination therapies of the invention can be admin-
istered sequentially or concurrently. In one embodiment, the
combination therapies of the invention comprise an inhibitor
and at least one other therapy which has the same mechanism
of'action. In another embodiment, the combination therapies
of the invention comprise an inhibitor and at least one other
therapy which has a different mechanism of action than the
inhibitor.

In a specific embodiment, the combination therapies of the
present invention improve the prophylactic and/or therapeu-
tic effect of an inhibitor by functioning together with the
inhibitor to have an additive or synergistic effect. In another
embodiment, the combination therapies of the present inven-
tion reduce the side effects associated with each therapy taken
alone.

The prophylactic or therapeutic agents of the combination
therapies can be administered to a subject in the same phar-
maceutical composition. Alternatively, the prophylactic or
therapeutic agents of the combination therapies can be
administered concurrently to a subject in separate pharma-
ceutical compositions. The prophylactic or therapeutic agents
may be administered to a subject by the same or different
routes of administration.

5.5.1 Patient Population

In some embodiments, an inhibitor, a composition com-
prising an inhibitor, or a combination therapy is administered
to a subject suffering from a negative-sense, single-stranded
RNA virus infection. In other embodiments, an inhibitor, a
composition comprising an inhibitor, or a combination
therapy is administered to a subject predisposed or suscep-
tible to a negative-sense, single-stranded RNA virus infec-
tion. In some embodiments, an inhibitor, a composition com-
prising an inhibitor, or a combination therapy is administered
to asubject that lives in a region where there has been or might
be an outbreak with a negative-sense, single-stranded RNA
virus infection. In some embodiments, the negative-sense,
single-stranded RNA virus infection is a latent viral infection.
In other embodiments, the negative-sense, single-stranded
RNA virus infection is an active infection. In yet other
embodiments, the negative-sense, single-stranded RNA virus
infection is a chronic viral infection.

In certain embodiments, an inhibitor, a composition com-
prising an inhibitor or a combination therapy is administered
to a mammal which is 0 to 6 months old, 6 to 12 months old,
1to Syears old, 5to 10 years old, 10 to 15 years old, 15to 20
years old, 20to 25 years old, 25 to 30 years old, 30to 35 years
old, 35 to 40 years old, 40 to 45 years old, 45 to 50 years old,
5010 55 years old, 55 to 60 years old, 60 to 65 years old, 65 to
70 years old, 70 to 75 years old, 75 to 80 years old, 80 to 85
years old, 85 to 90 years old, 90 to 95 years old or 95 to 100
years old. In certain embodiments, an inhibitor, a composi-
tion comprising an inhibitor or a combination therapy is
administered to ahuman at risk for a virus infection. In certain
embodiments, an inhibitor, a composition comprising an
inhibitor or a combination therapy is administered to a human
with a virus infection. In certain embodiments, the patient is
ahuman 0to 6 months old, 6 to 12 months old, 1to S years old,
510 10 years old, 5 to 12 years old, 10 to 15 years old, 15 to
20 years old, 13 to 19 years old, 20 to 25 years old, 25 to 30
years old, 20to 65 years old, 30to 35 years old, 35 to 40 years
old, 40 to 45 years old, 45 to 50 years old, 50 to 55 years old,
5510 60 years old, 60 to 65 years old, 65 to 70 years old, 70 to
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75 years old, 75 to 80 years old, 80 to 85 years old, 85 to 90
years old, 90 to 95 years old or 95 to 100 years old. In some
embodiments, an inhibitor, a composition comprising an
inhibitor or a combination therapy is administered to a human
infant. In other embodiments, an inhibitor, a composition
comprising an inhibitor or a combination therapy is adminis-
tered to a human child. In other embodiments, an inhibitor, a
composition comprising an inhibitor or a combination
therapy is administered to a human adult. In yet other embodi-
ments, an inhibitor, a composition comprising an inhibitor or
a combination therapy is administered to an elderly human.

In certain embodiments, an inhibitor, a composition com-
prising an inhibitor or a combination therapy is administered
to a pet, e.g., a dog or cat. In certain embodiments, an inhibi-
tor, a composition comprising an inhibitor or a combination
therapy is administered to a farm animal or livestock, e.g.,
pig, cows, horses, chickens, etc. In certain embodiments, an
inhibitor, a composition comprising an inhibitor or a combi-
nation therapy is administered to a bird, e.g., ducks or
chicken.

In certain embodiments, an inhibitor, a composition com-
prising an inhibitor or a combination therapy is administered
to a primate, preferably a human, or another mammal, such as
a pig, cow, horse, sheep, goat, dog, cat and rodent, in an
immunocompromised state or immunosuppressed state or at
risk for becoming immunocompromised or immunosup-
pressed. In certain embodiments, an inhibitor, a composition
comprising an inhibitor or a combination therapy is adminis-
tered to a subject receiving or recovering from immunosup-
pressive therapy. In certain embodiments, an inhibitor, acom-
position comprising an inhibitor or a combination therapy is
administered to a subject thathas or is at risk of getting cancer,
AIDS, another viral infection, or a bacterial infection. In
certain embodiments, an inhibitor, a composition comprising
an inhibitor or a combination therapy is administered to a
subject that is, will or has undergone surgery, chemotherapy
and/or radiation therapy. In certain embodiments, an inhibi-
tor, a composition comprising an inhibitor or a combination
therapy is administered to a subject that has cystic fibrosis,
pulmonary fibrosis, or another disease which makes the sub-
ject susceptible to a viral infection. In certain embodiments,
an inhibitor, a composition comprising an inhibitor or a com-
bination therapy is administered to a subject that has, will
have or had a tissue transplant. In some embodiments, an
inhibitor, a composition comprising an inhibitor or a combi-
nation therapy is administered to a subject that lives in a
nursing home, a group home (i.e., a home for 10 or more
subjects), or a prison. In some embodiments, an inhibitor, a
composition comprising an inhibitor or a combination
therapy is administered to a subject that attends school (e.g.,
elementary school, middle school, junior high school, high
school or university) or daycare. In some embodiments, an
inhibitor, a composition comprising an inhibitor or a combi-
nation therapy is administered to a subject that works in the
healthcare area, such as a doctor or a nurse, or in a hospital. In
certain embodiments, an inhibitor, a composition comprising
an inhibitor or a combination therapy is administered to a
subject that is pregnant or plans on becoming pregnant.

In some embodiments, a patient is administered an inhibi-
tor, a composition comprising an inhibitor or a combination
therapy before any adverse effects or intolerance to therapies
other than inhibitor develops. In some embodiments, an
inhibitor, a composition comprising an inhibitor or a combi-
nation therapy is administered to refractory patients. In a
certain embodiment, refractory patient is a patient refractory
to a standard antiviral therapy. In certain embodiments, a
patient with a viral infection, is refractory to a therapy when
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the infection has not significantly been eradicated and/or the
symptoms have not been significantly alleviated. The deter-
mination of whether a patient is refractory can be made either
in vivo or in vitro by any method known in the art for assaying
the effectiveness of a treatment of infections, using art-ac-
cepted meanings of “refractory” in such a context. In various
embodiments, a patient with a viral infection is refractory
when viral replication has not decreased or has increased.

In some embodiments, an inhibitor, a composition com-
prising an inhibitor or a combination therapy is administered
to a patient to prevent the onset or reoccurrence of a negative-
sense, single-stranded RNA virus infection in a patient at risk
of developing such infections. In some embodiments, an
inhibitor, a composition comprising an inhibitor or a combi-
nation therapy is administered to a patient who is susceptible
to adverse reactions to conventional therapies.

In some embodiments, an inhibitor, a composition com-
prising an inhibitor or a combination therapy is administered
to a patient who has proven refractory to therapies other than
compounds, but are no longer on these therapies. In certain
embodiments, the patients being managed or treated in accor-
dance with the methods of this invention are patients already
being treated with antibiotics, antivirals, antifungals, or other
biological therapy/immunotherapy. Among these patients are
refractory patients, patients who are too young for conven-
tional therapies, and patients with reoccurring viral infections
despite management or treatment with existing therapies.

In some embodiments, the subject being administered an
inhibitor, a composition comprising an inhibitor or a combi-
nation therapy has not received a therapy prior to the admin-
istration of the inhibitor or composition or combination
therapy. In other embodiments, an inhibitor, a composition
comprising an inhibitor or a combination therapy is adminis-
tered to a subject who has received a therapy prior to admin-
istration of the inhibitor, composition or combination therapy.
In some embodiments, the subject administered an inhibitor,
a composition comprising an inhibitor or a combination
therapy was refractory to a prior therapy or experienced
adverse side effects to the prior therapy or the prior therapy
was discontinued due to unacceptable levels of toxicity to the
subject.

5.5.2 Mode of Administration

When administered to a patient, an inhibitor is preferably
administered as a component of a composition that optionally
comprises a pharmaceutically acceptable vehicle. The com-
position can be administered orally, or by any other conve-
nient route, for example, by infusion or bolus injection, by
absorption through epithelial or mucocutaneous linings (e.g.,
oral mucosa, rectal, and intestinal mucosa) and may be
administered together with another biologically active agent.
Administration can be systemic or local. Various delivery
systems are known, e.g., encapsulation in liposomes, micro-
particles, microcapsules, capsules, and can be used to admin-
ister the compound and pharmaceutically acceptable salts
thereof.

Methods of administration include but are not limited to
parenteral, intradermal, intramuscular, intraperitoneal, intra-
venous, subcutaneous, intranasal, epidural, oral, sublingual,
intranasal, intracerebral, intravaginal, transdermal, rectally,
by inhalation, or topically, particularly to the ears, nose, eyes,
or skin. The mode of administration is left to the discretion of
the practitioner. In most instances, administration will result
in the release of an inhibitor into the bloodstream.

In specific embodiments, it may be desirable to administer
an inhibitor locally. This may be achieved, for example, and
not by way of limitation, by local infusion, topical applica-
tion, e.g., in conjunction with a wound dressing, by injection,
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by means of a catheter, by means of a suppository, or by
means of an implant, said implant being of a porous, non-
porous, or gelatinous material, including membranes, such as
sialastic membranes, or fibers.

In certain embodiments, it may be desirable to introduce an
inhibitor into the central nervous system by any suitable
route, including intraventricular, intrathecal and epidural
injection. Intraventricular injection may be facilitated by an
intraventricular catheter, for example, attached to a reservoir,
such as an Ommaya reservoir.

Pulmonary administration can also be employed, e.g., by
use of an inhaler or nebulizer, and formulation with an aero-
solizing agent, or via perfusion in a fluorocarbon or synthetic
pulmonary surfactant. In certain embodiments, an inhibitor is
formulated as a suppository, with traditional binders and
vehicles such as triglycerides.

For viral infections with cutaneous manifestations, the
inhibitor can be administered topically. Similarly, for viral
infections with ocular manifestation, the inhibitor can be
administered ocularly. For viruses with pulmonary manifes-
tations, the inhibitor can be administered intranasally or by an
inhaler or nebulizer.

In another embodiment, an inhibitor is delivered in a
vesicle, in particular a liposome (See Langer, 1990, Science
249:1527 1533, Treat et al., in Liposomes in the Therapy of
Infectious Disease and Bacterial infection, Lopez-Berestein
and Fidler (eds.), Liss, New York, pp. 353 365 (1989); Lopez
Berestein, ibid., pp. 317 327; See generally ibid.).

In another embodiment, an inhibitor is delivered in a con-
trolled release system (See, e.g., Goodson, in Medical Appli-
cations of Controlled Release, supra, vol. 2, pp. 115 138
(1984)). Examples of controlled-release systems are dis-
cussed in the review by Langer, 1990, Science 249:1527 1533
may be used. In one embodiment, a pump may be used (See
Langer, supra; Sefton, 1987, CRC Crit. Ref. Biomed. Eng.
14:201; Buchwald et al., 1980, Surgery 88:507; Saudek et al.,
1989, N. Engl. J. Med. 321:574). In another embodiment,
polymeric materials can be used (See Medical Applications
of Controlled Release, Langer and Wise (eds.), CRC Pres.,
Boca Raton, Fla. (1974); Controlled Drug Bioavailability,
Drug Product Design and Performance, Smolen and Ball
(eds.), Wiley, New York (1984); Ranger and Peppas, 1983, .
Macromol. Sci. Rev. Macromol. Chem. 23:61; See also Levy
etal., 1985, Science 228:190; During et al., 1989, Ann. Neu-
rol. 25:351; Howard et al., 1989, J. Neurosurg. 71:105). In a
specific embodiment, a controlled-release system comprising
an inhibitor is placed in close proximity to the tissue infected
with a virus to be prevented, treated and/or managed. In
accordance with this embodiment, the close proximity of the
controlled-release system to the infection may resultin only a
fraction of the dose of the inhibitor required if it is systemi-
cally administered.

In certain embodiments, it may be preferable to administer
an inhibitor via the natural route of infection of the virus
against which an inhibitor has antiviral activity. For example,
it may be desirable to administer an inhibitor into the lungs by
any suitable route to treat or prevent an infection of the res-
piratory tract by viruses (e.g., influenza virus). Pulmonary
administration can also be employed, e.g., by use of an inhaler
or nebulizer, and formulation with an aerosolizing agent for
use as a spray.

5.5.3 Agents for Use in Combination with Inhibitors

Therapeutic or prophylactic agents that can be used in
combination with inhibitors for the prevention, treatment
and/or management of a negative-sense, single-stranded
RNA virus infection include, but are not limited to, small
molecules, synthetic drugs, peptides (including cyclic pep-
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tides), polypeptides, proteins, nucleic acids (e.g., DNA and
RNA nucleotides including, but not limited to, antisense
nucleotide sequences, triple helices, RNAi, and nucleotide
sequences encoding biologically active proteins, polypep-
tides or peptides), antibodies, synthetic or natural inorganic
molecules, mimetic agents, and synthetic or natural organic
molecules. Specific examples of such agents include, but are
not limited to, immunomodulatory agents (e.g., interferon),
anti-inflammatory agents (e.g., adrenocorticoids, corticoster-
oids (e.g., beclomethasone, budesonide, flunisolide, flutica-
sone, triamcinolone, methylprednisolone, prednisolone,
prednisone, hydrocortisone), glucocorticoids, steroids, and
non-steroidal anti-inflammatory drugs (e.g., aspirin, ibupro-
fen, diclofenac, and COX-2 inhibitors), pain relievers, leu-
kotreine antagonists (e.g., montelukast, methyl xanthines,
zafirlukast, and zileuton), beta2-agonists (e.g., albuterol, bit-
erol, fenoterol, isoetharie, metaproterenol, pirbuterol, salb-
utamol, terbutalin formoterol, salmeterol, and salbutamol
terbutaline), anticholinergic agents (e.g., ipratropium bro-
mide and oxitropium bromide), sulphasalazine, penicil-
lamine, dapsone, antihistamines, anti-malarial agents (e.g.,
hydroxychloroquine), anti-viral agents (e.g., nucleoside ana-
logs (e.g., zidovudine, acyclovir, gangcyclovir, vidarabine,
idoxuridine, trifluridine, and ribavirin), foscarnet, amanta-
dine, rimantadine, saquinavir, indinavir, ritonavir, and AZT)
and antibiotics (e.g., dactinomycin (formerly actinomycin),
bleomycin, erythomycin, penicillin, mithramycin, and
anthramycin (AMCO)).

Any therapy which is known to be useful, or which has
been used or is currently being used for the prevention, man-
agement, and/or treatment of a negative-sense, single-
stranded RNA virus or can be used in combination with
inhibitors in accordance with the invention described herein.
See, e.g., Gilman et al., Goodman and Gilman’s: The Phar-
macological Basis of Therapeutics, 10th ed., McGraw-Hill,
New York, 2001; The Merck Manual of Diagnosis and
Therapy, Berkow, M. D. etal. (eds.), 17th Ed., Merck Sharp &
Dohme Research Laboratories, Rahway, N.J., 199 9; Cecil
Textbook of Medicine, 20th Ed., Bennett and Plum (eds.),
W.B. Saunders, Philadelphia, 1996, and Physicians’ Desk
Reference (61% ed. 1007) for information regarding therapies
(e.g., prophylactic or therapeutic agents) which have been or
are currently being used for preventing, treating and/or man-
aging viral infections.

5.5.3.1 Antiviral Agents

Antiviral agents that can be used in combination with
inhibitors include, but are not limited to, non-nucleoside
reverse transcriptase inhibitors, nucleoside reverse tran-
scriptase inhibitors, protease inhibitors, and fusion inhibitors.
In one embodiment, the antiviral agent is selected from the
group consisting of amantadine, oseltamivir phosphate,
rimantadine, and zanamivir. In another embodiment, the anti-
viral agent is a non-nucleoside reverse transcriptase inhibitor
selected from the group consisting of delavirdine, efavirenz,
and nevirapine. In another embodiment, the antiviral agent is
a nucleoside reverse transcriptase inhibitor selected from the
group consisting of abacavir, didanosine, emtricitabine,
emtricitabine, lamivudine, stavudine, tenofovir DF, zalcitab-
ine, and zidovudine. In another embodiment, the antiviral
agent is a protease inhibitor selected from the group consist-
ing of amprenavir, atazanavir, fosamprenav, indinavir, lopi-
navir, nelfinavir, ritonavir, and saquinavir. In another embodi-
ment, the antiviral agent is a fusion inhibitor such as
enfuvirtide.

Additional, non-limiting examples of antiviral agents for
use in combination inhibitors include the following: rifampi-
cin, nucleoside reverse transcriptase inhibitors (e.g., AZT,
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ddl, ddC, 3TC, d4T), non-nucleoside reverse transcriptase
inhibitors (e.g., delavirdine efavirenz, nevirapine), protease
inhibitors (e.g., aprenavir, indinavir, ritonavir, and
saquinavir), idoxuridine, cidofovir, acyclovir, ganciclovir,
zanamivir, amantadine, and palivizumab. Other examples of
anti-viral agents include but are not limited to acemannan;
acyclovir; acyclovir sodium; adefovir; alovudine; alvircept
sudotox; amantadine hydrochloride (SYMMETREL™); ara-
notin; arildone; atevirdine mesylate; pyridine; cidofovir;
cipamfylline; cytarabine hydrochloride; delavirdine mesy-
late; desciclovir; didanosine; disoxaril; edoxudine; envi-
radene; enviroxime; famciclovir; famotine hydrochloride;
fiacitabine; fialuridine; fosarilate; foscamet sodium; fosfonet
sodium; ganciclovir; ganciclovir sodium; idoxuridine;
kethoxal; lamivudine; lobucavir; memotine hydrochloride;
methisazone; nevirapine; oseltamivir phosphate (TAMI-
FLU™); penciclovir; pirodavir; ribavirin; rimantadine
hydrochloride (FLUMADINE™); saquinavir mesylate;
somantadine hydrochloride; sorivudine; statolon; stavudine;
tilorone hydrochloride; trifluridine; valacyclovir hydrochlo-
ride; vidarabine; vidarabine phosphate; vidarabine sodium
phosphate; viroxime; zalcitabine; zanamivir (RELENZAT);
zidovudine; and zinviroxime.

5.5.3.2 Antibacterial Agents

Antibacterial agents, including antibiotics, that can be used
in combination with inhibitors include, but are not limited to,
aminoglycoside antibiotics, glycopeptides, amphenicol anti-
biotics, ansamycin antibiotics, cephalosporins, cephamycins
oxazolidinones, penicillins, quinolones, streptogamins, tetra-
cyclins, and analogs thereof. In some embodiments, antibiot-
ics are administered in combination with an inhibitor to pre-
vent and/or treat a bacterial infection.

In a specific embodiment, inhibitors are used in combina-
tion with other protein synthesis inhibitors, including but not
limited to, streptomycin, neomycin, erythromycin, carbomy-
cin, and spiramycin.

In one embodiment, the antibacterial agent is selected from
the group consisting of ampicillin, amoxicillin, ciprofloxacin,
gentamycin, kanamycin, neomycin, penicillin G, streptomy-
cin, sulfanilamide, and vancomycin. In another embodiment,
the antibacterial agent is selected from the group consisting of
azithromycin, cefonicid, cefotetan, cephalothin, cephamy-
cin, chlortetracycline, clarithromycin, clindamycin, cyclos-
erine, dalfopristin, doxycycline, erythromycin, linezolid,
mupirocin, oxytetracycline, quinupristin, rifampin, spectino-
mycin, and trimethoprim.

Additional, non-limiting examples of antibacterial agents
for use in combination with inhibitors include the following:
aminoglycoside antibiotics (e.g., apramycin, arbekacin, bam-
bermycins, butirosin, dibekacin, neomycin, neomycin, unde-
cylenate, netilmicin, paromomycin, ribostamycin, sisomicin,
and spectinomycin), amphenicol antibiotics (e.g., azidam-
fenicol, chloramphenicol, florfenicol, and thiamphenicol),
ansamycin antibiotics (e.g., rifamide and rifampin), carba-
cephems (e.g., loracarbetf), carbapenems (e.g., biapenem and
imipenem), cephalosporins (e.g., cefaclor, cefadroxil, cefa-
mandole, cefatrizine, cefazedone, cefozopran, cefpimizole,
cefpiramide, and cefpirome), cephamycins (e.g., cefbupera-
zone, cefmetazole, and cefminox), folic acid analogs (e.g.,
trimethoprim), glycopeptides (e.g., vancomycin), lincosa-
mides (e.g., clindamycin, and lincomycin), macrolides (e.g.,
azithromycin, carbomycin, clarithomycin, dirithromycin,
erythromycin, and erythromycin acistrate), monobactams
(e.g., aztreonam, carumonam, and tigemonam), nitrofurans
(e.g., furaltadone, and furazolium chloride), oxacephems
(e.g., flomoxet, and moxalactam), oxazolidinones (e.g., lin-
ezolid), penicillins (e.g., amdinocillin, amdinocillin pivoxil,
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amoxicillin, bacampicillin, benzylpenicillinic acid, benzyl-
penicillin sodium, epicillin, fenbenicillin, floxacillin, pena-
mecillin, penethamate hydriodide, penicillin o benethamine,
penicillin 0, penicillin V, penicillin V benzathine, penicillin V
hydrabamine, penimepicycline, and phencihicillin potas-
sium), quinolones and analogs thereof (e.g., cinoxacin, cipro-
floxacin, clinafloxacin, flumequine, grepagloxacin, levof-
loxacin, and moxifloxacin), streptogramins (e.g.,
quinupristin and dalfopristin), sulfonamides (e.g., acetyl sul-
famethoxypyrazine, benzylsulfamide, noprylsulfamide,
phthalylsulfacetamide, sulfachrysoidine, and sulfacytine),
sulfones (e.g., diathymosulfone, glucosulfone sodium, and
solasulfone), and tetracyclines (e.g., apicycline, chlortetracy-
cline, clomocycline, and demeclocycline). Additional
examples include cycloserine, mupirocin, tuberin amphomy-
cin, bacitracin, capreomycin, colistin, enduracidin, enviomy-
cin, and 2,4 diaminopyrimidines (e.g., brodimoprim).

5.5.4 Dosages & Frequency of Administration

The amount of an inhibitor, or the amount of a composition
comprising an inhibitor, that will be effective in the preven-
tion, treatment and/or management of a negative-sense,
single-stranded RNA virus infection can be determined by
standard clinical techniques. In vitro or in vivo assays may
optionally be employed to help identify optimal dosage
ranges. The precise dose to be employed will also depend,
e.g., on the route of administration, the type of invention, and
the seriousness of the infection, and should be decided
according to the judgment of the practitioner and each
patient’s or subject’s circumstances.

In some embodiments, the dosage of an inhibitor is deter-
mined by extrapolating from the no observed adverse effec-
tive level (NOAEL), as determined in animal studies. This
extrapolated dosage is useful in determining the maximum
recommended starting dose for human clinical trials. For
instance, the NOAELs can be extrapolated to determine
human equivalent dosages (HED). Typically, HED is extrapo-
lated from a non-human animal dosage based on the doses
that are normalized to body surface area (i.e., mg/m?). In
specific embodiments, the NOAELs are determined in mice,
hamsters, rats, ferrets, guinea pigs, rabbits, dogs, primates,
primates (monkeys, marmosets, squirrel monkeys, baboons),
micropigs or minipigs. For a discussion on the use of
NOAEL:s and their extrapolation to determine human equiva-
lent doses, See Guidance for Industry Estimating the Maxi-
mum Safe Starting Dose in Initial Clinical Trials for Thera-
peutics in Adult Healthy Volunteers, U.S. Department of
Health and Human Services Food and Drug Administration
Center for Drug Evaluation and Research (CDER), Pharma-
cology and Toxicology, July 2005. In one embodiment, an
inhibitor or composition thereofis administered at a dose that
is lower than the human equivalent dosage (HED) of the
NOAEL over a period of 1 week, 2 weeks, 3 weeks, 1 month,
2 months, three months, four months, six months, nine
months, 1 year, 2 years, 3 years, 4 years or more.

In certain embodiments, a dosage regime for a human
subject can be extrapolated from animal model studies using
the dose at which 10% of the animals die (LD, ). In general
the starting dose of a Phase I clinical trial is based on preclini-
cal testing. A standard measure of toxicity of a drug in pre-
clinical testing is the percentage of animals that die because of
treatment. It is well within the skill of the art to correlate the
LD, in an animal study with the maximal-tolerated dose
(MTD) in humans, adjusted for body surface area, as a basis
to extrapolate a starting human dose. In some embodiments,
the interrelationship of dosages for one animal model can be
converted for use in another animal, including humans, using
conversion factors (based on milligrams per meter squared of
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body surface) as described, e.g., in Freireich et al., Cancer
Chemother. Rep., 1966, 50:219-244. Body surface area may
be approximately determined from height and weight of the
patient. See, e.g., Scientific Tables, Geigy Pharmaceuticals,
Ardley, N.Y., 1970, 537. In certain embodiments, the adjust-
ment for body surface area includes host factors such as, for
example, surface area, weight, metabolism, tissue distribu-
tion, absorption rate, and excretion rate. In addition, the route
of administration, excipient usage, and the specific disease or
virus to target are also factors to consider. In one embodiment,
the standard conservative starting dose is about %10 the murine
LD, although it may be even lower if other species (i.e.,
dogs) were more sensitive to the inhibitor. In other embodi-
ments, the standard conservative starting dose is about Y100,
Yos, Yoo, Yas, Yeo, Vis, Y0, Yes, Yeo, Yss, Y50, Vas, Yao, Vs, Y30,
Vs, Yo, Y1s, %10, %10, %10, or %10 of the murine LD . In other
embodiments, an starting dose amount of an inhibitor in a
human is lower than the dose extrapolated from animal model
studies. In another embodiment, an starting dose amount of
an inhibitor in a human is higher than the dose extrapolated
from animal model studies. It is well within the skill of the art
to start doses of the active composition at relatively low
levels, and increase or decrease the dosage as necessary to
achieve the desired effect with minimal toxicity.

Exemplary doses of inhibitors or compositions include
milligram or microgram amounts per kilogram of subject or
sample weight (e.g., about 1 microgram per kilogram to about
500 milligrams per kilogram, about 5 micrograms per kilo-
gram to about 100 milligrams per kilogram, or about 1 micro-
gram per kilogram to about 50 micrograms per kilogram). In
specific embodiments, a daily dose is at least 50 mg, 75 mg,
100 mg, 150 mg, 250 mg, 500 mg, 750 mg, or at least 1 g.

In another embodiment, the dosage is a unit dose of 5 mg,
preferably 10 mg, 50 mg, 100 mg, 150 mg, 200 mg, 250 mg,
300 mg, 350 mg, 400 mg, 500 mg, 550 mg, 600 mg, 650 mg,
700 mg, 750 mg, 800 mg or more. In another embodiment, the
dosage is a unit dose that ranges from about 5 mg to about 100
mg, about 100 mg to about 200 mg, about 150 mg to about
300 mg, about 150 mg to about 400 mg, 250 mg to about 500
mg, about 500 mg to about 800 mg, about 500 mg to about
1000 mg, or about 5 mg to about 1000 mg.

In certain embodiments, suitable dosage ranges for oral
administration are about 0.001 milligram to about 500 milli-
grams of a compound, per kilogram body weight per day. In
specific embodiments of the invention, the oral dose is about
0.01 milligram to about 100 milligrams per kilogram body
weight per day, about 0.1 milligram to about 75 milligrams
per kilogram body weight per day or about 0.5 milligram to 5
milligrams per kilogram body weight per day. The dosage
amounts described herein refer to total amounts adminis-
tered; that is, if more than one compound is administered,
then, in some embodiments, the dosages correspond to the
total amount administered. In a specific embodiment, oral
compositions contain about 10% to about 95% a compound
of the invention by weight.

Suitable dosage ranges for intravenous (i.v.) administra-
tion are about 0.01 milligram to about 100 milligrams per
kilogram body weight per day, about 0.1 milligram to about
35 milligrams per kilogram body weight per day, and about 1
milligram to about 10 milligrams per kilogram body weight
per day. In some embodiments, suitable dosage ranges for
intranasal administration are about 0.01 pg/kg body weight
per day to about 1 mg/kg body weight per day. Suppositories
generally contain about 0.01 milligram to about 50 milli-
grams of a compound of the invention per kilogram body
weight per day and comprise active ingredient in the range of
about 0.5% to about 10% by weight.
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Recommended dosages for intradermal, intramuscular,
intraperitoneal, subcutaneous, epidural, sublingual, intrac-
erebral, intravaginal, transdermal administration or adminis-
tration by inhalation are in the range of about 0.001 milligram
to about 500 milligrams per kilogram of body weight per day.
Suitable doses for topical administration include doses that
are in the range of about 0.001 milligram to about 50 milli-
grams, depending on the area of administration. Effective
doses may be extrapolated from dose-response curves
derived from in vitro or animal model test systems. Such
animal models and systems are well known in the art.

In another embodiment, a subject is administered one or
more doses of a prophylactically or therapeutically effective
amount of an inhibitor or a composition, wherein the prophy-
lactically or therapeutically effective amount is not the same
for each dose.

In certain embodiments, a subject is administered an
inhibitor or a composition in an amount effective to inhibit
viral genome replication by atleast 20% to 25%, preferably at
least 25% to 30%, at least 30% to 35%, at least 35% to 40%,
at least 40% to 45%, at least 45% to 50%, at least 50% to 55%,
at least 55% to 60%, at least 60% to 65%, at least 65% to 70%,
atleast 70% to 75%, at least 75% to 80%, or up to at least 85%
relative to a negative control as determined using an assay
described herein or others known to one of skill in the art. In
other embodiments, a subject is administered an inhibitor or
acomposition in an amount effective to inhibit or reduce viral
genome replication by at least 20% to 25%, preferably at least
25% to 30%, at least 30% to 35%, at least 35% to 40%, at least
40% to 45%, at least 45% to 50%, at least 50% to 55%, at least
55% to 60%, at least 60% to 65%, at least 65% to 70%, at least
70% to 75%, atleast 75% to 80%, or up to at least 85% relative
to a negative control as determined using an assay described
herein or others known to one of skill in the art. In certain
embodiments, a subject is administered a inhibitor or a com-
position in an amount effective to inhibit or reduce viral
genome replication by at least 1.5 fold, 2 fold, 2.5 fold, 3 fold,
4 fold, 5 fold, 8 fold, 10 fold, 15 fold, 20 fold, or 2 to 5 fold,
2 to 10 fold, 5 to 10 fold, or 5 to 20 fold relative to a negative
control as determined using an assay described herein or
other known to one of skill in the art.

In certain embodiments, a subject is administered an
inhibitor or a composition in an amount effective to inhibit or
reduce viral protein synthesis by at least 20% to 25%, pref-
erably at least 25% to 30%, at least 30% to 35%, at least 35%
to 40%, at least 40% to 45%, at least 45% to 50%, at least 50%
1o 55%, at least 55% to 60%, at least 60% to 65%, at least 65%
to 70%, at least 70% to 75%, at least 75% to 80%, or up to at
least 85% relative to a negative control as determined using an
assay described herein or others known to one of skill in the
art. In other embodiments, a subject is administered an inhibi-
tor or a composition in an amount effective to inhibit or
reduce viral protein synthesis by at least 20% to 25%, pref-
erably at least 25% to 30%, at least 30% to 35%, at least 35%
to 40%, at least 40% to 45%, at least 45% to 50%, at least 50%
1o 55%, at least 55% to 60%, at least 60% to 65%, at least 65%
to 70%, at least 70% to 75%, at least 75% to 80%, or up to at
least 85% relative to a negative control as determined using an
assay described herein or others known to one of skill in the
art. In certain embodiments, a subject is administered an
inhibitor or a composition in an amount effective to inhibit or
reduce viral protein synthesis by at least 1.5 fold, 2 fold, 2.5
fold, 3 fold, 4 fold, 5 fold, 8 fold, 10 fold, 15 fold, 20 fold, or
2to 5 fold, 2 to 10 fold, 5 to 10 fold, or 5 to 20 fold relative to
a negative control as determined using an assay described
herein or others known to one of skill in the art.
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In certain embodiments, a subject is administered an
inhibitor or a composition in an amount effective to inhibit or
reduce the spread of a virus from a cell, tissue, or organ to
another cell, tissue or organ by at least 20% to 25%, prefer-
ably at least 25% to 30%, at least 30% to 35%, at least 35% to
40%, at least 40% to 45%, at least 45% to 50%, at least 50%
10 55%, at least 55% to 60%, at least 60% to 65%, at least 65%
to 70%, at least 70% to 75%, at least 75% to 80%, or up to at
least 85% relative to a negative control as determined using an
assay described herein or others known to one of skill in the
art. In some embodiments, a subject is administered an inhibi-
tor or a composition in an amount effective to inhibit or
reduce the spread of a virus from a cell, tissue or organ to
another cell, tissue or organ by at least 1.5 fold, 2 fold, 2.5
fold, 3 fold, 4 fold, 5 fold, 8 fold, 10 fold, 15 fold, 20 fold, or
2to 5 fold, 2 to 10 fold, 5 to 10 fold, or 5 to 20 fold relative to
a negative control as determined using an assay described
herein or others known to one of skill in the art.

In certain embodiments, a subject is administered an
inhibitor or a composition in an amount effective to inhibit or
reduce viral titer by at least 20% to 25%, preferably at least
25% to 30%, at least 30% to 35%, at least 35% to 40%, at least
40% to 45%, at least 45% to 50%, at least 50% to 55%, at least
55% to 60%, at least 60% to 65%, at least 65% to 70%, at least
70%t0 75%, atleast 75% to 80%, or up to at least 85% relative
to a negative control as determined using an assay described
herein or others known to one of skill in the art. In some
embodiments, a subject is administered an inhibitor or a
composition in an amount effective to inhibit or reduce viral
titer by at least 1.5 fold, 2 fold, 2.5 fold, 3 fold, 4 fold, 5 fold,
8 fold, 10 fold, 15 fold, 20 fold, or 2 to 5 fold, 2 to 10 fold, 5
to 10 fold, or 5 to 20 fold relative to a negative control as
determined using an assay described herein or others known
to one of skill in the art. In other embodiments, a subject is
administered an inhibitor or a composition in an amount
effective to inhibit or reduce viral titer by 1 log, 1.5 logs, 2
logs, 2.5 logs, 3 logs, 3.5 logs, 4 logs, 5 logs or more relative
to a negative control as determined using an assay described
herein or others known to one of skill in the art.

In certain embodiments, a subject is administered an
inhibitor or a composition in an amount effective to inhibit or
reduce viral replication by at least 20% to 25%, preferably at
least 25% to 30%, at least 30% to 35%, at least 35% to 40%,
at least 40% to 45%, at least 45% to 50%, at least 50% to 55%,
atleast 55% to 60%, at least 60% to 65%, at least 65% to 70%,
atleast 70% to 75%, at least 75% to 80%, or up to at least 85%
relative to a negative control as determined using an assay
described herein or others known to one of skill in the art. In
some embodiments, a subject is administered an inhibitor or
a composition in an amount effective to inhibit or reduce viral
replication by at least 1.5 fold, 2 fold, 2.5 fold, 3 fold, 4 fold,
5 fold, 8 fold, 10 fold, 15 fold, 20 fold, or 2 to 5 fold, 2 to 10
fold, 5 to 10 fold, or 5 to 20 fold relative to a negative control
as determined using an assay described herein or others
known to one of skill in the art. In other embodiments, a
subject is administered an inhibitor or a composition in an
amount effective to inhibit or reduce viral replication by 1 log,
1.5 logs, 2 logs, 2.5 logs, 3 logs, 3.5 logs, 4 logs, 5 logs or
more relative to a negative control as determined using an
assay described herein or others known to one of skill in the
art.

In certain embodiments, a subject is administered an
inhibitor or a composition in an amount effective to inhibit or
reduce the ability of the virus to spread to other individuals by
at least 20% to 25%, preferably at least 25% to 30%, at least
30% to 35%, at least 35% to 40%, at least 40% to 45%, at least
45% to 50%, at least 50% to 55%, at least 55% to 60%, at least

20

25

30

35

40

45

50

55

60

65

76

60% to 65%, at least 65% to 70%, at least 70% to 75%, at least
75% to 80%, or up to at least 85% relative to a negative control
as determined using an assay described herein or others
known to one of skill in the art. In other embodiments, a
subject is administered an inhibitor or a composition in an
amount effective to inhibit or reduce the ability of the virus to
spread to other cells, tissues or organs in the subject by at least
20% to 25%, preferably at least 25% to 30%, at least 30% to
35%, at least 35% to 40%, at least 40% to 45%, at least 45%
to 50%, at least 50% to 55%, at least 55% to 60%, at least 60%
1o 65%, at least 65% to 70%, at least 70% to 75%, at least 75%
to 80%, or up to at least 85% relative to a negative control as
determined using an assay described herein or others known
to one of skill in the art.

In certain embodiments, a dose of an inhibitor or a com-
position is administered to a subject every day, every other
day, every couple of days, every third day, once a week, twice
aweek, three times a week, or once every two weeks. In other
embodiments, two, three or four doses of an inhibitor or a
composition is administered to a subject every day, every
couple of days, every third day, once a week or once every two
weeks. In some embodiments, a dose(s) of an inhibitor or a
composition is administered for 2 days, 3 days, 5 days, 7 days,
14 days, or 21 days. In certain embodiments, a dose of an
inhibitor or a composition is administered for 1 month, 1.5
months, 2 months, 2.5 months, 3 months, 4 months, 5 months,
6 months or more.

The dosages of prophylactic or therapeutic agents which
have been or are currently used for the prevention, treatment
and/or management of a negative-sense, single-stranded
RNA virus infection can be determined using references
available to a clinician such as, e.g., the Physicians’ Desk
Reference (61* ed. 2007). In a specific embodiment, dosages
lower than those which have been or are currently being used
to prevent, treat and/or manage the infection are utilized in
combination with one or more inhibitors or compositions.

For inhibitors which have been approved for uses other
than prevention, treatment or management of viral infections,
safe ranges of doses can be readily determined using refer-
ences available to clinicians, such as e.g., the Physician’s
Desk Reference (61* ed. 2007).

The above-described administration schedules are pro-
vided for illustrative purposes only and should not be consid-
ered limiting. A person of ordinary skill in the art will readily
understand that all doses are within the scope of the invention.

5.6 Use of Inhibitors in Cell Culture and as
Disinfectants

The present invention provides for the use of inhibitors as
ingredients in cell culture-related products in which it is desir-
able to have antiviral activity. In one embodiment, one or
more inhibitors is added to cell culture media. In certain
embodiments, inhibitors that prove too toxic or are not used in
subjects are added to cell culture-related products, such as
media. The present invention also provides for the use of
inhibitors as ingredients in disinfectants and soaps.

5.7 Uses of Enhancers of Viral Replication

The present invention provides for the use of enhancers as
ingredients viral substrate-related products (e.g., cell culture-
related products) in which it is desirable to have increased
replication of a negative-sense, single-stranded RNA virus. In
one embodiment, an enhancer is added to cell culture media.
In a specific embodiment, an enhancer is used in composi-
tions to increase the replication of vaccine strains of negative-
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sense, single-stranded RNA viruses. In such an embodiment,
the enhancer is intended to enhance the manufacture of nega-
tive-sense, single-stranded RNA virus vaccines, particularly
vaccines comprising attenuated negative-sense, single-
stranded RNA viruses that are difficult to grow in, e.g., cell-
based systems.

In one embodiment, a method for enhancing the replication
of a negative, single-stranded RNA virus in a substrate for
propagating virus, comprises contacting the substrate with an
enhancer of virus replication. The substrate may be contacted
with the enhancer before, concurrently and/or after infection
with a negative-sense, single-stranded RNA virus. In some
embodiments, the substrate is infected before (e.g., 5 minutes,
10 minutes, 30 minutes, 45 minutes, 1 hour, 3 hours, 6 hours,
12 hours, 16 hours, 24 hours, 48 hours or 72 hours before)
infecting the substrate with a negative-sense, single-stranded
RNA virus. In other embodiments, the substrate is contacted
with the enhancer concurrently with infection with a nega-
tive-sense, single-stranded RNA virus. In yet another
embodiments, the substrate is contacted with the enhancer
after (e.g., 5 minutes, 10 minutes, 15 minutes, 30 minutes, 45
minutes, 1 hour, 3 hours, 6 hours, 12 hours, 16 hours, 24 hours
or 48 hours after) infection with a negative-sense, single-
stranded RNA virus.

Non-limiting examples of non-segmented, negative-sense,
single-stranded RNA viruses whose replication may be
enhanced include: rhabdoviruses (e.g., vesicular stomatitis
virus (VSV), rabies, and rabies-related viruses), paramyxovi-
ruses (e.g., Newcastle Disease Virus (NDV), measles virus,
mumps virus, parainfluenza viruses such as Sendai virus, and
pneumoviruses such as respiratory syncytial virus (RSV) and
metapneumovirus), filoviruses (e.g., Ebola virus and Mar-
burg virus), hepatitis delta virus, and bornaviruses. Non-lim-
iting examples of segmented, negative-sense, single-stranded
RNA viruses whose replication may be enhanced include:
Non-limiting examples of segmented, negative-sense, single-
stranded RNA viruses that may be prevented, treated and/or
managed by the administration of one or more inhibitors or a
composition comprising one or more inhibitors include: orth-
omyxoviruses (e.g., influenza A virus, influenza B virus,
influenza C virus, thogoto virus, and infectious salmon ane-
mia virus), bunyaviruses (e.g., bunyamwera virus, Hantaan
virus, Dugbe virus, Rift Valley fever virus, and tomato spotted
wilt virus), and arenaviruses (e.g., Lassa virus, Junin virus,
Machupo virus, and lymphocytic choriomeningitis virus). In
a specific embodiment, the negative-sense, single-stranded
RNA virus is an enveloped virus. In another specific embodi-
ment, the negative-sense, single-stranded RNA virus is influ-
enza virus (e.g., an influenza A virus, influenza B virus or
influenza C virus). In one embodiment, the influenza A virus
is an H5N1 isolate. In another embodiment, the influenza A
virus is an HINT1 isolate. In another embodiment, the nega-
tive-sense, single-stranded RNA virus is a parainfluenza
virus, a measles virus, a mumps virus or a respiratory syncy-
tial virus (RSV). In one embodiment, the parainfluenza virus
is a Sendai virus. In one embodiment, the parainfluenza virus
is a human parainfluenza virus (HPIV). In specific embodi-
ments the HPIV is HPIV type 2 (HPIV-2), HPIV type 3
(HPIV-3), or HPIV type 4 (HPIV-4). In one embodiment, the
HPIV-4 is subtype A. In another embodiment, the HPIV-4 is
subtype B. In a specific embodiment, the negative-sense,
single-stranded RNA virus infects humans. In certain
embodiments, the negative-sense, single-stranded RNA virus
is not a Sendai virus. In some embodiments, the negative-
sense, single-stranded RNA virus is a naturally occurring
strain, variant or mutant of a negative-sense, single-stranded
RNA virus, a mutagenized negative-sense, single-stranded
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RNA virus, a reassortant negative-sense, single-stranded
RNA virus and/or a genetically engineered negative-sense,
single-stranded RNA virus. In some embodiments, the nega-
tive-sense, single-stranded RNA virus is a vaccine strain,
such as an attenuated virus.

The enhancer may be added to any substrate contemplated
for use in the growth of a negative-sense, single-stranded
RNA virus. For example, the enhancer may be added to any of
the following substrates: cells (e.g. avian cells, chicken cells
(e.g., primary chick embryo cells or chick kidney cells), Vero
cells, MDCK cells, human respiratory epithelial cells (e.g.,
AS549 cells), calf kidney cells, mink lung cells, etc.) that are
susceptible to infection by a negative-sense, single-stranded
RNA virus, embryonated eggs, or animals (e.g., birds).

In some embodiments, the cell, embryonated egg, or ani-
mal to be treated with the enhancer is infected with a negative-
sense, single-stranded RNA virus. In some embodiments, the
cell, embryonated egg, or animal is treated with the enhancer
prior to infection with the virus. In some embodiments, the
cell, embryonated egg, or animal is treated with the enhancer
concurrently with infection with the virus. In some embodi-
ments, the cell, embryonated egg, or animal is treated with the
enhancer after infection with the virus. In specific embodi-
ments, the substrate is infected with one of the following
exemplary non-segmented negative-sense, single-stranded
RNA viruses: a rhabdovirus (e.g., vesicular stomatitis virus
(VSV) or a rabies or rabies-related virus), a paramyxovirus
(e.g., Newcastle Disease Virus (NDV), measles virus, mumps
virus, a parainfluenza virus such as Sendai virus, or a pneu-
movirus such as respiratory syncytial virus (RSV) and metap-
neumovirus), filovirus (e.g., Ebola virus and Marburg virus),
hepatitis delta virus, or bornavirus. In specific embodiments,
the substrate is infected with one of the following exemplary
segmented, negative-sense, single-stranded RNA viruses: an
orthomyxovirus (e.g., influenza A virus, influenza B virus,
influenza C virus, thogoto virus, or infectious salmon anemia
virus), a bunyavirus (e.g., a bunyamwera virus, Hantaan
virus, Dugbe virus, Rift Valley fever virus, or tomato spotted
wilt virus), or an arenavirus (e.g., Lassa virus, Junin virus,
Machupo virus, or lymphocytic choriomeningitis virus). In a
specific embodiment, the negative-sense, single-stranded
RNA virus is an enveloped virus. In another specific embodi-
ment, the negative-sense, single-stranded RNA virus is influ-
enza virus (e.g., an influenza A virus, influenza B virus, or
influenza C virus). In one embodiment, the influenza A virus
is an H5N1 isolate. In another embodiment, the influenza A
virus is an HINT1 isolate. In another embodiment, the nega-
tive-sense, single-stranded RNA virus is a parainfluenza virus
or a respiratory syncytial virus (RSV). In one embodiment,
the parainfluenza virus is a human parainfluenza virus
(HPIV). In specific embodiments the HPIV is Sendai virus,
HPIV type 2 (HPIV-2), HPIV type 3 (HPIV-3), or HPIV type
4 (HPIV-4). In one embodiment, the HPIV-4 is subtype A. In
another embodiment, the HPIV-4 is subtype B. In a specific
embodiment, the negative-sense, single-stranded RNA virus
infects humans. In certain embodiments, the negative-sense,
single-stranded RNA virus is not a Sendai virus. In some
embodiments, the negative-sense, single-stranded RNA virus
is a naturally occurring strain, variant or mutant of a negative-
sense, single-stranded RNA virus, a mutagenized negative-
sense, single-stranded RNA virus, a reassortant negative-
sense, single-stranded RNA virus and/or a genetically
engineered negative-sense, single-stranded RNA virus. In
some embodiments, the negative-sense, single-stranded RNA
virus is a vaccine strain, such as an attenuated virus.

In some embodiments, the invention encompasses viral
growth substrates (e.g., cells and eggs) treated with an
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enhancer. In other embodiments, the invention encompasses
viral growth substrates (e.g., cells and eggs) treated with an
enhancer that are infected with a negative-sense, single-
stranded RNA virus.

In different embodiments of the invention, the enhancer
may positively affect one or more stages of the viral life cycle,
such as, for example, virus attachment to the host cell surface,
penetration or entry of the host cell (e.g., through receptor
mediated endocytosis or membrane fusion), uncoating (the
process whereby the viral capsid is removed is degraded by
viral enzymes or host enzymes thus releasing the viral
genomic nucleic acid), genome replication, synthesis of viral
messenger RNA (mRNA), viral protein synthesis, and assem-
bly of'viral ribonucleoprotein complexes for genome replica-
tion, assembly of virus particles, post-translational modifica-
tion of the viral proteins, and release from the host cell by
lysis or budding and acquisition of a phospholipid envelope
which contains embedded viral glycoproteins. In a specific
embodiment, the enhancer increases viral genome replica-
tion. In another embodiment, the enhancer increases the syn-
thesis of viral mRNA and/or viral protein synthesis.

In some embodiments, an enhancer specifically enhances
the replication of a negative-sense, single-stranded RNA
virus. In other embodiments, an enhancer enhances the rep-
lication of more than one negative-sense, single-stranded
RNA virus. The enhancer may enhance the replication of one
or more of the following non-segmented negative-sense,
single-stranded RNA viruses: a rhabdovirus (e.g., vesicular
stomatitis virus (VSV) or a rabies, or rabies-related virus), a
paramyxovirus (e.g., Newecastle Disease Virus (NDV),
measles virus, mumps virus, a parainfluenza virus such as
Sendai virus, or a pneumovirus such as respiratory syncytial
virus (RSV) or metapneumovirus), filovirus (e.g., Ebola virus
and Marburg virus), hepatitis delta virus, or bornavirus. The
enhancer may enhance the replication of one or more of the
following segmented, negative-sense, single-stranded RNA
viruses: an orthomyxovirus (e.g., influenza A virus, influenza
B virus, influenza C virus, thogoto virus, or infectious salmon
anemia virus), a bunyavirus (e.g., a bunyamwera virus. Han-
taan virus, Dugbe virus, Rift Valley fever virus, or tomato
spotted wilt virus), or an arenavirus (e.g., Lassa virus, Junin
virus, Machupo virus, or lymphocytic choriomeningitis
virus). In a specific embodiment, the negative-sense, single-
stranded RNA virus is an enveloped virus. In another specific
embodiment, the negative-sense, single-stranded RNA virus
is influenza virus (e.g., an influenza A virus, influenza B virus,
or influenza C virus). In one embodiment, the influenza A
virus is an H5N1 isolate. In another embodiment, the influ-
enza A virus is an HIN1 isolate. In another embodiment, the
negative-sense, single-stranded RNA virus is a parainfluenza
virus or a respiratory syncytial virus (RSV). In one embodi-
ment, the parainfluenza virus is a human parainfluenza virus
(HPIV). In specific embodiments the HPIV is Sendai virus,
HPIV type 2 (HPIV-2), HPIV type 3 (HPIV-3), or HPIV type
4 (HPIV-4). In one embodiment, the HPIV-4 is subtype A. In
another embodiment, the HPIV-4 is subtype B.

The invention encompasses vaccine formulations compris-
ing viruses, in particular, attenuated viruses, wherein the
viruses have been grown on substrates treated with the
enhancers. The virus used in the vaccine formulation may be
selected from naturally occurring mutants or variants,
mutagenized viruses or genetically engineered viruses.
Attenuated strains of segmented, negative, stranded RNA
viruses can also be generated via reassortment techniques, or
by using a combination of the reverse genetics approach and
reassortment techniques. Naturally occurring variants
include viruses isolated from nature as well as spontaneous
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occurring variants generated during virus propagation. The
attenuated virus can itself be used as the active ingredient in
the vaccine formulation. Alternatively, the attenuated virus
can be used as the vector or “backbone” of recombinantly
produced vaccines. To this end, recombinant techniques such
as reverse genetics (or, for segmented viruses, combinations
of the reverse genetics and reassortment techniques) may be
used to engineer mutations or introduce foreign antigens into
the attenuated virus used in the vaccine formulation. In this
way, vaccines can be designed for immunization against
strain variants, or in the alternative, against completely dif-
ferent infectious agents or disease antigens.

Virtually any heterologous gene sequence may be con-
structed into the viruses for use in vaccines. Preferably,
epitopes that induce a protective immune response to any of a
variety of pathogens, or antigens that bind neutralizing anti-
bodies may be expressed by or as part of the viruses. For
example, heterologous gene sequences that can be con-
structed into the viruses of the invention for use in vaccines
include but are not limited to epitopes of human immunode-
ficiency virus (HIV) such as gp120; hepatitis B virus surface
antigen (HBsAg); the glycoproteins of herpes virus (e.g. gD,
gE); VP 1 of poliovirus; antigenic determinants of non-viral
pathogens such as bacteria and parasites, to name but a few. In
another embodiment, all or portions of immunoglobulin
genes may be expressed. For example, variable regions of
anti-idiotypic immunoglobulins that mimic such epitopes
may be constructed into the viruses of the invention. In yet
another embodiment, tumor associated antigens may be
expressed.

The vaccine formulations include an attenuated negative-
sense, single-stranded RNA virus, wherein the attenuation
results from a mutation in a gene required for efficient repli-
cation. The invention also encompasses vaccine formulations
comprised of an attenuated negative-sense, single-stranded
RNA virus wherein the attenuation results from a combina-
tion of one or more mutations in other viral genes.

Vaccine formulations may include genetically engineered
negative strand RNA viruses that have mutations in the NS1
gene or any other gene that leads to attenuation and does not
impair the ability of the host to launch an immune response
against the virus, including but not limited to the influenza
mutants with truncated or deleted NS1 genes described in
issued patents U.S. Pat. No. 6,468,544, issued Oct. 22, 2002,
U.S. Pat. No. 6,866,853, issued Mar. 15, 2005, and U.S. Pat.
No. 6,669,943, issued Dec. 30, 2003 and copending applica-
tion U.S. Patent Application Publication No. US 2004-
0109877, published Jun. 10, 2004. The vaccine formulations
may also be formulated using natural variants, such as the
A/turkey/Ore/71 natural variant of influenza A, or B/201, and
B/AWBY-234, which are natural variants of influenza B.
When formulated as a live virus vaccine, a range of about 10*
pfu to about 5x10° pfu per dose should be used.

The invention also includes vaccine formulations which
are chimeric viruses. A chimeric virus could be comprised of
any virus where the interferon antagonist gene is derived from
either a different virus or a different strain of the same virus.

The invention includes a vaccine formulation comprising
an attenuated negative-sense, single-stranded RNA virus for
treating or preventing any infectious disease. The infectious
disease could be a virus. By way of example, but not as a
limitation the vaccine formulation could be used to treat or
prevent infection with influenza virus, Ebola virus, respira-
tory syncytial virus, HIV, herpes virus, hepatitis C virus or
hepatitis B virus. The infectious disease could consist of a
bacterium or a parasite. Additionally the vaccine could be
used to treat or prevent cancer or tumor growth.
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The invention includes the use of an enhancer to increase
the propagation of negative-sense, single-stranded RNA
viruses for use as either live viral vaccines or inactivated viral
vaccines. The production of a live vaccine may be preferred
because multiplication in the host leads to a prolonged stimu-
lus of similar kind and magnitude to that occurring in natural
infections, and therefore, confers substantial, long-lasting
immunity.

In a specific embodiment, the invention provides a method
for enhancing the production of a negative, single-stranded
RNA virus for use in a vaccine formulation, comprising con-
tacting an enhancer of virus replication with a substrate
infected with the negative, single-stranded RNA virus. In
some embodiments, the substrate is contacted with the
enhancer before infection with the virus, the virus is permit-
ted to replicate under conditions suitable for virus replication,
and the progeny virus is purified. In some embodiments, the
enhancer and the virus are concurrently contacted with the
substrate, the virus is permitted to replicate under conditions
suitable for virus replication, and the progeny virus is puri-
fied. In a specific embodiment, the substrate contacted with
the enhancer is a cell that is infected with the virus, the cell is
incubated under conditions that permit viral replication, e.g.,
for 18 hours at 37° C., and the virus-containing supernatant is
collected. In certain embodiments, progeny virus is plaque
purified using techniques known to one of skill in the art, such
as those described herein.

In one embodiment, a method for manufacture of a nega-
tive-sense, single-stranded RNA virus vaccine is provided,
comprising: (i) contacting a PKC activator with a substrate
infected with a negative-sense, single-stranded RNA virus
under conditions that permit the negative-sense, single-
stranded RNA virus to replicate; and (ii) purifying the nega-
tive-sense, single-stranded RNA virus. In another embodi-
ment, a method for manufacture of a negative-sense, single-
stranded RNA virus vaccine is provided, comprising: (i)
contacting a sodium channel inhibitor with a substrate
infected with a negative-sense, single-stranded RNA virus
under conditions that permit the negative-sense, single-
stranded RNA virus to replicate; and (ii) purifying the nega-
tive-sense, single-stranded RNA virus. In another embodi-
ment, a method for manufacture of a negative-sense, single-
stranded RNA virus vaccine is provided, comprising: (i)
contacting a calcium channel inhibitor with a substrate
infected with a negative-sense, single-stranded RNA virus
under conditions that permit the negative-sense, single-
stranded RNA virus to replicate; and (ii) purifying the nega-
tive-sense, single-stranded RNA virus. In another embodi-
ment, a method for manufacture of a negative-sense, single-
stranded RNA virus vaccine is provided, comprising: (i)
contacting a PKC activator with a substrate that permits rep-
lication of the negative-sense, single-stranded RNA virus; (ii)
infecting the substrate with the negative-sense, single-
stranded RNA virus; and (iii) purifying the negative-sense,
single-stranded RNA virus. In another embodiment, a
method for manufacture of a negative-sense, single-stranded
RNA virus vaccine is provided, comprising: (i) contacting a
sodium channel inhibitor with a substrate that permits repli-
cation of the negative-sense, single-stranded RNA virus; (ii)
infecting the substrate with the negative-sense, single-
stranded RNA virus; and (iii) purifying the negative-sense,
single-stranded RNA virus. In another embodiment, a
method for manufacture of a negative-sense, single-stranded
RNA virus vaccine is provided, comprising: (i) contacting a
calcium channel inhibitor with a substrate that permits repli-
cation of the negative-sense, single-stranded RNA virus; (ii)
infecting the substrate with the negative-sense, single-
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stranded RNA virus; and (iii) purifying the negative-sense,
single-stranded RNA virus. In certain of these embodiments,
the negative-sense, single-stranded RNA virus is influenza
virus, VSV or NDV. In certain embodiments, the virus is
attenuated. In certain embodiments, said method for the
manufacture of a negative-sense, single-stranded RNA virus
vaccine further comprises inactivating the virus.

In certain embodiments, the invention provides a method
for manufacture of an influenza virus vaccine, comprising: (i)
contacting PMA, mezerein, phenamil, 2'.4'-dichloroben-
zamil or 3',4'-dichlorobenzamil with a substrate infected with
an influenza virus under conditions that permit the influenza
virus to replicate; and (ii) purifying the influenza virus. In
certain embodiments, the invention provides a method for
manufacture of an influenza virus vaccine, comprising: (i)
contacting PMA, mezerein, phenamil, 2'.4'-dichloroben-
zamil or 3',4'-dichlorobenzamil with a substrate that permits
replication of influenza virus; (ii) infecting the substrate with
the influenza virus; and (iii) purifying the influenza virus. In
certain embodiments, the virus is attenuated. In certain
embodiments, said method for the manufacture of an influ-
enza virus vaccine further comprises inactivating the virus.

In one embodiment, the invention provides a method for
the manufacture of a negative-sense, single-stranded RNA
virus vaccine, comprising: (a) contacting an enhancer of virus
replication with a substrate infected with an attenuated nega-
tive, single-stranded RNA virus; and (b) purifying the virus
from the substrate. In another embodiment, the invention
provides a method for the manufacture of an inactivated nega-
tive, single-stranded RNA virus, comprising: (a) contacting
an enhancer of virus replication with a substrate infected with
anegative, single-stranded RNA virus; (b) purifying the virus
from the substrate; and (c) inactivating the virus. In certain
embodiments, the enhancer is a sodium channel inhibitor,
such as phenamil or 2',4'-dichlorobenzamil. In other embodi-
ments, the enhancer is a PKC activator, such as PMA or
mezerein.

The vaccine formulations manufactured using an enhancer
may be administered to a subject by a method known to one of
skill in the art, including, but are not limited to, intranasal,
intratracheal, oral, intradermal, intramuscular, intraperito-
neal, intravenous, and subcutaneous routes. It may be prefer-
able to introduce the virus vaccine formulation via the natural
route of infection of the pathogen for which the vaccine is
designed, or via the natural route of infection of the parental
attenuated virus. Where a live influenza virus vaccine prepa-
ration is used, it may be preferable to introduce the formula-
tion via the natural route of infection for influenza virus. The
ability of influenza virus to induce a vigorous secretory and
cellular immune response can be used advantageously. For
example, infection of the respiratory tract by influenza
viruses may induce a strong secretory immune response, for
example in the urogenital system, with concomitant protec-
tion against a particular disease causing agent.

A vaccine formulation manufactured using an enhancer
may comprise 10*-5x10° pfu of virus, and can be adminis-
tered once. Alternatively, a vaccine formulation manufac-
tured using an enhancer may comprise 10*-5x10° pfu of
virus, and can be administered twice or three times with an
interval of 2 to 6 months between doses. Alternatively, a
formulation manufactured using an enhancer may comprise
10*-5x10° pfu of virus, and can be administered as often as
needed to an animal, preferably a mammal, and more prefer-
ably a human being.

5.8 Kits

The present invention provides kits that can be used in the
above methods. In one embodiment, the kit comprises an
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inhibitor contained in an appropriate package. In another
embodiment, a kit comprises an enhancer contained in an
appropriate package. In specific embodiments, a kit com-
prises an inhibitor and enhancer, each contained in an appro-
priate package. In some embodiments, a kit further comprises
a negative control and/or a positive control, in an appropriate
package(s). In some embodiments, the kit further comprises a
negative-sense, single-stranded RNA virus. In certain
embodiments, the kit further comprises a mini-genome
reporter construct, in an appropriate package. In specific
embodiments, the kit contains instructions for use.

6. EXAMPLE

This example describes the identification of compounds
that modulate the replication of influenza virus, a negative-
sense, single-stranded RNA virus. In particular, this example
describes the identification of protein kinase C (PKC) activa-
tors and sodium channel inhibitors that increase influenza
virus replication. This example also describes the identifica-
tion of PKC inhibitors and a sodium channel opener as com-
pounds that inhibit influenza virus replication.

6.1 MATERIALS AND METHODS

Cell lines, viruses and plasmids. Human alveolar basal
epithelial (A549) cells, African green monkey kidney (Vero)
cells, chicken embryo fibroblast (DF1) cells and Madin-
Darby canine kidney (MDCK) cells, were obtained from the
American Type Culture Collection (ATCC, Manassas, Va.).
A549 cells, Vero cells and DF1 cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) (Invitrogen
Corp., Carlsbad, Calif.) supplemented with 10% fetal bovine
serum (FBS) (HyClone; South Logan, Utah) and 100 U/mL
penicillin G sodium and 100 pg/ml. streptomycin sulfate
(Invitrogen Corp., Carlsbad, Calif.). MDCK cells were cul-
tured in Minimum FEssential Medium (MEM) (Invitrogen
Corp., Carlsbad, Calif.) supplemented with 10% FBS, 2 mM
L-glutamine (Invitrogen Corp., Carlsbad, Calif.), 100 U/mL
penicillin G sodium and 100 mg/L streptomycin sulfate and
0.15% NaHCOj; (Invitrogen Corp., Carlsbad, Calif.).

Influenza A/WSN/33 virus and influenza B/Yamagata/88
virus were grown in MDCK cells in MEM-post-infection
medium (MEM supplemented with 0.3% bovine serum albu-
min (BSA), 0.1% FBS, 2 mM L-glutamine, 100 U/mL peni-
cillin G sodium and 100 pg mL streptomycin sulfate and
0.15% NaHCO,). Viruses were titered by standard plaque
assay in MDCK cells. Vesicular stomatitis virus expressing
the green fluorescence protein (VSV-GFP) was provided by
John Hiscott (McGill University, Montreal, Canada), and was
grown and titered in Vero cells. Newcastle disease virus strain
B1 (fNDV/B1) was grown in 10-day-old embryonated hens’
eggs and titered in DF1 cells. The human isolates influenza
A/Moscow/10/99 and A/Wyoming/03/2003 viruses were
grown in 8-day-old embryonated hens’ eggs and titered in
MDCK cells. The recombinant 6:2 influenza A/PR/8/34 virus
reassortant expressing the hemagglutinin (HA) and the
neuraminidase (NA) of influenza ANN/1203/04 virus (re-
ferred to as H5N1/PR8 in this study) was rescued using
reverse genetics (Fodor et al., 1999). The HA of influenza
A/VN/1203/04 virus was mutated by removing the multiba-
sic cleavage site which is associated with high pathogenicity
in chickens (Senne et al., 1996). Briefly, expression plasmids
and pPol I plasmids encoding the HA and NA genes of influ-
enza A/VN/1203/04 virus were co-transfected into 293T cells
together with ambisense pDZ plasmids encoding the PB1,
PB2, PA, NP, M and NS segments of influenza A/PR/8/34
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virus. The supernatant was transferred 48 hours later into
8-day-old embryonated hens’ eggs to allow the recombinant
virus to propagate. The egg-grown virus stock was sequenced
and titered in MDCK cells.

For the construction of the influenza mini-genome reporter
construct (pPoll-358Luc) the firefly luciferase open reading
frame from pGL3 (Promega Corp., Madison, Wis.) was
amplified by PCR and the 5' and 3' ends of the cRNA pro-
moter of the influenza A/WSN/33 virus NP segment were
incorporated on either end (Neumann and Hobom, 1995).
This product was then inserted into the pPoll vector (Pleschka
et al., 1996) with the luciferase gene in the negative sense.

Small molecular weight compounds. The Prestwick
Chemical Library (1120 compounds; Prestwick Chemical,
Inc., Washington, D.C.), the NINDS custom collection 2
(1040 compounds; National Institute of Neurological Disor-
ders and Stroke; Bethesda, Md.) and BIOMOL Known Bio-
actives-2 library (480 compounds; BIOMOL, Plymouth
Meeting, Pa.) were provided by The Institute of Chemistry
and Cell Biology (ICCB), National Screening [.aboratory for
the Regional Centers of Excellence in Biodefense and Emerg-
ing Infectious Disease (NSRB) (Harvard University, Boston,
Mass.). The compounds were dissolved in DMSO at 2 mg/mL
for the Prestwick library, 5 mg/mlL. for the BIOMOL2 library
and at 10 mM for the NINDS2 library.

For secondary analyses 2',4'-dichlorobenzamil and SDZ-
201106 were purchased from BIOMOL (Plymouth Meeting,
Pa.) while 3'4'-dichlorobenzamil, phenamil, phorbol
12-myristate 13-acetate (PMA), mezerein, rottlerin, stauro-
sporin, ouabain and lanatoside C were purchased from
Sigma-Aldrich (St. Louis, Mo.). All compounds were dis-
solved in either water or dimethyl sulfoxide (DMSO) to a
stock concentration of 10 mM. The final concentration of
DMSO in the culture medium did not exceed 0.004%.

High-throughput screening. The assay was performed in
duplicate using solid white 384-well tissue culture treated
plates (Corning Life Sciences; Lowell, Mass.). A549 cells
were cultured to 90% confluency, trypsinized with 0.05%
Trypsin-EDTA (Invitrogen Corp., Carlsbad, Calif.), and
resuspended in phenol red-free DMEM growth medium
supplemented with 10% FBS at 7.2x10° cells/mL. Transfec-
tions were done in bulk and for each well, 12.5 ng of the
reporter pPoll-358 Luc was diluted in 6.25 L OptiMEM (In-
vitrogen Corp., Carlsbad, Calif.) and mixed with 6.25 pl
OptiMEM containing 0.025 pl. Lipofectamine-2000 (Invit-
rogen Corp., Carlsbad, Calif.). The transfection mix was
incubated for 20 min before adding 12.5 pl. of resuspended
A549 cells (approximately 9x10° cells). The medium also
included 0.25 pg/ml. Scriptaid (BIOMOL, Plymouth Meet-
ing, Pa.) and 1.0 pg/ml 5-aza-2'-deoxycytidine (Sigma-Ald-
rich; St. Louis, Mo.), which were added to enhance reproduc-
ibility of the assay (Hellebrekers et al., 2007). The mix of cells
and reporter DNA was transferred into 384-well plates using
the Matrix Wellmate plate filler. Loaded plates were subse-
quently centrifuged at 1000 rpm for 5 min to ensure an equal
distribution of cells within each well. The cells were incu-
bated for 18 hours at 37° C., 5% CO,, 95% humidity before
the addition of 100 nL. of compounds by the Epson compound
transfer robot (Epson America, Inc.; Long Beach, Calif.). The
cells were incubated for a further 6 hours before infection
with influenza A/WSN/33 virus directly into the medium at
an MOI of 2.5. The virus was added automatically to the
plates using the Matrix Wellmate plate filler and the plates
were subsequently centrifuged at 1000 rpm for 2 min. Each
plate also contained mock-infected cells that were used as a
positive control and cells that were infected but untreated,
which were used as a negative control. Infection was allowed
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to proceed for 18-20 hours at 37° C., 5% CO,, 95% humidity.
At that time 50% of the medium in each well was removed
and the plates were equilibrated to room temperature for at
least 20 min. The Matrix Wellmate plate filler was used to add
16 pl. of BrightGloLuciferase reagent (Promega Corp.,
Madison, Wis.) to each well automatically and following a 2
min centrifugation at 2000 rpm, luminescence was measured
for 0.1 s/well with the EnVision2 plate reader (Perkin Elmer
Inc., Waltham, Mass.).

To eliminate cytotoxic compounds that appear as false
positives, a counter screen was performed in parallel. This
consisted of A549 cells transfected with pGL3 and seeded at
a density of 2500 cells per well of a 384-well plate. The
remainder of the assay was performed as described above
except that the cells were not infected.

Data analysis. To evaluate the HTS assay robustness, 384-
well plates containing no compounds were run separately on
two different days. Statistical parameters were determined as
follows: Z'=1-((30i+30om)/Ipi—puml), where pi is the mean
signal for the negative control (infected cells), oi the standard
deviation for the negative control, um the mean signal for the
positive control (mock infected cells), and om is the standard
deviation for the positive control. The percent coefficient of
variation (CV)=0i/uix100, the signal-to-background ratio
(S/B)=pi/um and the signal-to-noise ratio (S/N)=(ui-pm)/
((01)2+(om)2)1/2 (Ghosh et al., 2005; Zhang et al., 1999).

The data from the influenza HTS assay and counter screen
data were analyzed with Microsoft Office Excel. The average
of the negative control of each plate was set at 100% lumi-
nescence and the percent luminescence of each compound-
containing well was determined in relation to this internal
control. The average percent luminescence for the duplicate
screenings was calculated and the compounds were classified
into strong or medium inhibitors based on a 90-100% or
70-89% reduction in luminescence, respectively. Compounds
leading to an increase in luminescence were considered as
enhancers with at least a 2 fold induction above the negative
control. The HTS data were compared to the corresponding
data from the counter screen. A reduction in luminescence
greater than 20-30% in the counter screen was considered to
be caused by cytotoxicity and therefore the compound was
defined as a false positive and eliminated from further analy-
sis. This threshold was decreased down to 50% in cases where
the compound caused a >95% reduction of luminescent sig-
nal in the influenza HTS assay.

Cell viability assay. The CellTiter 96 AQueous One Solu-
tion Cell Proliferation Assay (referred to as the MTS assay in
this study) (Promega Corp., Madison, Wis.) was used to
detect cell viability according to the specifications of the
manufacturer. Briefly, A549 cells were seeded into 96-well
plates (Corning Life Sciences, Lowell, Mass.) at 5x10° cells
per well and allowed to incubate for 24 hours at 37° C., 5%
CO,. After incubation, the medium was aspirated and
replaced with 100 L of fresh DMEM containing the com-
pounds at various concentrations. Following a further 24 hour
incubation, the MTS solution was added to each well and left
to incubate for 2 hours before measuring absorbance at 450
nm using a Beckman Coulter DTX 880 plate reader (Beck-
man Coulter, Inc., Fullerton, Calif.).

Viral growth assays in the presence of inhibitors or enhanc-
ers. A549 cells were seeded into 6-well plates at 5x10° cells
per well. After incubation for 24 hours at 37° C. and 5% CO,,
the cells were washed with phosphate buffered saline (PBS)
(Invitrogen Corp., Carlsbad, Calif.) and the medium was
replaced with DMEM supplemented with 0.3% BSA, 0.1%
FBS and 100 U/mL penicillin G sodium and 100 pg/mL
streptomycin sulfate containing the compound of interest.
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Compounds that enhance viral replication were used at their
most potent concentration (400 nM for 2'.4'-dichloroben-
zamil and 3',4'-dichlorobenzamil, 10 M for phenamil, 250
nM for mezerein and 250 nM for PMA). Compounds that
inhibit viral replication were used at their most potent, but
non-toxic, concentration (12.5 uM for SDZ-201106 and 1.25
uM for rottlerin). Cardioactive glycosides were tested at con-
centrations that maintained at least an 80% cell viability (20
nM for ouabain and 78 nM for lanatoside C). The cells were
incubated in the compound-containing media for 6 hours
prior to infection. When testing the response of influenza
A/WSN/33 virus and of HSN1/PR8 virus to enhancers, infec-
tions were done at a multiplicity of 0.001, whereas a multi-
plicity of 1 was used when testing the response of influenza
A/WSN/33 virus to inhibitors. For the human isolates, influ-
enza viruses A/Moscow/10/99 and A/Wyoming/03/2003,
infections were done at an MOI of 0.01 when testing enhanc-
ers. For influenza B/Yamagata/88 virus, infections were done
ata multiplicity of 5 when testing inhibitors and a multiplicity
0f'0.1 when testing enhancers. Compounds were absent dur-
ing the 1 hour incubation with the virus but were present in the
post-infection medium (DMEM supplemented with 0.3%
BSA, 0.1% FBS and 100 U/mL penicillin G sodium and 100
ng/mlL streptomycin sulfate). For infection with influenza B
virus, the human influenza A virus isolates and the HSN1/PR8
virus this post-infection medium also contained 1 pg/ml
TPCK-treated trypsin (Sigma-Aldrich; St. Louis, Mo.). The
infected cells were incubated at 37° C. with the exception for
influenza B virus infected cells, which were incubated at 33°
C. The viral titers for all viruses were determined at various
times post infection by standard plaque assay in MDCK cells.
When testing the effects of the cardioactive glycosides on the
growth of NDV and VSV-GFP, infections were performed at
an MOI of 1. Viral titers were determined at 24 hours post
infection by standard plaque assay in Vero cells for VSV-GFP
and in DF1 cells for NDV/B1. The NDV plaques were visu-
alized by immuno-staining with an anti-NP antibody (Ma-
trosovich et al., 2006).

Apoptosis assay. The Caspase-3 Colorimetric Assay (R&D
Systems, Inc., Minneapolis, Minn.) was used to detect
whether the compounds have pro- or anti-apoptotic effects.
A549 cells were seeded into 60 mm tissue culture treated
dishes (Corning Life Sciences, Lowell, Mass.) at 1.5x10°
cells per dish and allowed to incubate for 24 hours at 37° C.,
5% CO.,. After incubation, the medium was aspirated and the
cells were washed with PBS. Fresh DMEM post-infection
medium was added, containing compounds at the same con-
centrations as were used for the viral infections. As a positive
control for the induction of apoptosis, the cells were treated
with staurosporin at a concentration of 5 uM. Cells were
incubated for 6 hours at 37° C., 5% CO,. Subsequently, they
were harvested, washed twice with PBS, lysed and incubated
with the DEVD-AFC substrate for an additional hour at 37°
C., 5% CO, before measuring fluorescence at 500 nm using a
Versa Fluor Fluorometer (BioRad; Hercules, Calif.).

6.2 RESULTS

6.2.1 A High-Throughput Screen Identifies Compounds
that Modulate Influenza Virus Growth

A cell-based HTS assay for the identification of small
molecules that can negatively or positively affect influenza A
virus replication was developed. An influenza mini-genome
reporter construct was designed encoding firefly luciferase in
the negative sense in between the cRNA promoter of the
influenza A/WSN/33 virus NP segment. This construct was
cloned into a plasmid flanked by a human RNA polymerase |
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promoter and the hepatitis D virus (HDV) ribozyme (FIG.
1A). Upon transfection of this reporter into human lung epi-
thelial (A549) cells, RNA polymerase I transcription gener-
ates an RNA segment that mimics viral RNA. When these
cells are subsequently infected with influenza virus, this seg-
ment is recognized by the viral polymerase resulting in the
production of firefly luciferase mRNA. Luciferase activity
therefore serves as a measurement of influenza virus replica-
tion and decreases or increases in this signal that are observed
in the presence of specific compounds are indicative of inhibi-
tory or enhancing activities, respectively. Due to the fact that
a high multiplicity of infection provided the greatest repro-
ducibility, the assay is preferred for detecting compounds that
act on steps up to and including translation. To detect inhibi-
tors of the later stages such as assembly, budding and release,
a multicycle format would be preferred. This is because this
assay differs from other cell-based HTS assays for influenza
virus that rely on virus-induced cytopathic effect (CPE) as
readout and use a low multiplicity of infection (Noah et al.,
2007). Such assays can only be performed in Madin-Darby
canine kidney (MDCK) cells, which display significant CPE
in response to influenza virus infection. In contrast, this cell-
based HTS assay can be performed in cells that are a biologi-
cally relevant cell type for influenza virus infection, such as
AS549 cells. The assay was initially optimized in 96-well
format and its validity for use in a high-throughput screen was
confirmed by demonstrating a Z' factor (Zhang et al., 1999) of
0.74. For screening purposes the assay was further adapted to
384-well format. Table 1 below shows the statistical param-
eters used to evaluate the robustness of the assay in this
format. Here the Z' factor was determined as 0.55 and 0.56 in
two separate runs. The discrepancy between the Z' factor
values determined in 96-well plates and 384-well plates can
be explained by the “edge effect” and higher variability in the
miniaturized 384-well format. However, both formats meet
the requirements for high-throughput screening. Assays with
a Z'factor value of 1>7'=0.5 are considered to be excellent for
use in HTS and the larger the value, the higher the data quality
(Zhang et al., 1999). Additional parameters which verify that
the assay is robust are the coefficient of variation, CV
(14.920.2%), the signal-to-background ratio, S/B (>10*) and
the signal-to-noise ratio, S/N (6.7£0.1). The S/N ratio is
slightly below the ratio of another reported HTS for influenza
virus (S/N>10) (Noah et al., 2007) and reflects a higher signal
deviation in this assay which nonetheless is still better com-
pared to a HTS assay for SARS coronavirus (S/N>3) (Sever-
sonetal.,2007). Recently, anumber of cell-based HTS assays
were developed for screening compounds against different
viruses. The S/B ratio of this assay of >10* is strongly above
those of other HTS assays reported for influenza virus
(S/B>30) (Noah et al, 2007), for SARS coronavirus
(S/B=~10) (Severson et al., 2007), for human immunodefi-
ciency virus (HIV-1) (S/B>100) (Blair et al., 2005), for hepa-
titis C virus (HCV) (S/B>13) (Zuck et al., 2004) and for
dengue virus (S/B=8) (Chu and Yang, 2007). This high S/B
ratio in addition to a CV of ~15% proves the suitability of our
assay for use in a high-throughput screen. Subsequently a
screen was conducted at the Harvard Institute for Cell and
Chemical Biology (ICCB) in which where 2 library plates
(704 compounds) were tested in duplicate. When screening a
library plate containing uncharacterized compounds, one
strong inhibitor was found (0.28%) while 18 strong inhibitors
(~5%) were detected when screening compounds of known
bioactivity. Overall, 19 strong inhibitors were identified,
which equals a hit rate of 2.7%. This rate may be explained in
part by the fact that cytotoxic compounds were included in
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these hits; thus, in order to eliminate the false positives, a
counter screen was run in parallel (as described in the next
paragraph) in future screens.

TABLE 1

Summary of statistical parameters to assess the
robustness of the HTS assay in 384-well format

ze % CV? S/B°© S/IN“
Screen 1 0.56 14.7 14586 6.8
Screen 2 0.55 15.1 10734 6.6
“Z'=1-(Go;+ 30,,)/11; = W |) where 0; is the standard deviation for the negative control,

O, is the standard deviation for the positive control, y; is the mean signal for the negative
control (infected cells) and ., the mean signal for the positive control (mock infected cells).
Loy CV (coefficient of variation) = oy, x 100

¢ S/B (signal-to-background ratio) = wyp,,
4 $/N (signal-to-noise ratio) = (1; — )03 + (") ">

Initially, three compound libraries consisting of collections
from NINDS, Prestwick and BIOMOL, were screened, total-
ing 2640 small molecules. All of these compounds have
known biological activity (i.e. their cellular targets are
known) which facilitates the downstream analyses. A549
cells transfected with the reporter plasmid in bulk were plated
in solid white 384-well plates and incubated overnight at 37°
C. Six hours prior to infection, 100 nL. of the test compounds
in library-defined concentrations were added automatically to
each well, in duplicate. Influenza A/WSN/33 virus was added
to the media at a multiplicity of infection (MOI) of 2.5, and
infection was allowed to proceed for 18-20 hours at 37° C.
After adding the luciferase substrate, luminescence was mea-
sured and compared to control wells that received no com-
pound as well as to the results of the counter screen for
elimination of false positives. From the 2640 screened com-
pounds, 59 (2.2%) were identified as strong inhibitors with
the luciferase signal reduced by 90-100%. An additional 43
compounds (1.6%) were found to reduce the signal by
70-89% and 4 of the compounds (0.15%) increased lumines-
cence by at least two-fold (FIG. 1B). Some of the same
compounds were present in either two or all of the libraries
and were identified as hits independently two or three times.
Therefore in total, identified 47 (1.8%) unique strong inhibi-
tors, 37 (1.4%) unique moderate inhibitors, and 4 (0.15%)
enhancers were identified.

Table 2 shows the functional classes of the hit compounds
that were identified as inhibitors in the HTS screen. About
24% ofthe inhibitors are compounds that interfere with DNA.
Another group of 21% consist of antibiotics, antifungals and
antiparasitic drugs. Roughly 13% of the inhibitors target dif-
ferent cellular kinases like protein kinase A, protein kinase C
and receptor tyrosine kinases and more than 8% of the inhibi-
tory compounds are Na*/K*/ATPase pump inhibitors (oua-
bain, lanatoside C, digoxin, strophanthidin), known as car-
dioactive glycosides. The initial effect of these compounds
and of SDZ-201106, a sodium channel opener which was also
identified as an inhibitor, is to raise the intracellular Na*
concentration. One of the compounds that resulted in
increased luciferase signals (phenamil) is an amiloride ana-
logue that acts as a sodium channel inhibitor. These opposing
effects, by compounds that have contrasting effects on
sodium channels, indicate that influenza virus is sensitive to
changes in intracellular ion concentrations and that this may
be a way of modulating influenza virus replication. In support
of this, it has been reported that influenza virus can inhibit
these amiloride-sensitive sodium channels in the respiratory
epithelium (Chen et al., 2004; Kunzelmann et al., 2000).
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Amongst the group of inhibitory compounds were also
found several protein kinase C (PKC) inhibitors, the strongest
of which was rottlerin.

TABLE 2

Functional categories of the hit compounds with inhibitory activity.

Number of % of
Functional category compounds total
DNA interfering compounds 20 23.8
Antibiotics/ Antifungals/Antiparasitics 18 214
Kinase inhibitors 11 13.1
Cardioactive glycosides 7 8.3
Cell redox metabolism interfering compounds 4 4.8
Other compounds 24 28.5
Total number of inhibitory compounds 84 100

6.2.2 Inhibition of RNA Viruses by Sodium Potassium
ATPase Pump Inhibitors

The Na*/K*/ATPase pump inhibitors, ouabain, lanatoside
C, strophanthidin, and digoxin were identified as potential
influenza virus inhibitors in the HTS. These cardioactive gly-
cosides have used in the treatment of congestive heart failure
and cardiac arrhythmia.

The ability of ouabain and lanatoside C to inhibit influenza
virus replication was next examined. The CC, (concentra-
tion of 50% cytotoxicity) for ouabain and lanatoside C on
A549 cells was determined to be 47 nM and 210 nM, respec-
tively (data not shown) and for the viral replication assays a
CC,, was used for each compound. A549 cells were infected
atan MOI of 1 with influenza A/WSN/33 virus in the presence
0120 nM ouabain or 78 nM lanatoside C and at 24 hours post
infection the viral titers were found to be decreased by 99.1%
with ouabain treatment and by 95.9% with lanatoside C treat-
ment, compared to the untreated control (FIG. 2A). The effect
of these compounds was next shown to extend to other RNA
viruses. Both ouabain and lanatoside C significantly inhibited
the replication of Newcastle disease virus (NDV) (FIG. 2B)
and vesicular stomatitis virus (VSV) (FIGS. 2C and 2D).
Therefore, these Na+/K+/ATPase pump inhibitors can inhibit
multiple members of both RNA and DNA virus families. To
address the possibility that the broad antiviral activity may be
related to the induction of interferon, the effects of the com-
pounds on influenza virus replication in Vero cells, which do
not produce interferon, was examined. A similar level of
inhibition as in A549 cells (data not shown) was observed,
thereby suggesting that there is another mechanism shared
among viruses targeted by these compounds.

6.2.3 Inhibition of Influenza A and B Virus Replication by
a Sodium Channel Opener and a PKC Inhibitor

The high-throughput assay revealed that the sodium chan-
nel opener, SDZ-201106, and the PKC inhibitor, rottlerin, are
potential influenza virus inhibitors. To confirm the specificity
of these compounds, the cytotoxicity profiles of the com-
pounds were evaluated. A549 cells were seeded into 96-well
plates and treated with increasing concentrations of SDZ-
201106 or rottlerin for 24 hours before performing an MTS
assay to determine cell viability. The CCs, of SDZ-201106
was determined to be 29 uM and concentrations up to 12.5 uM
were found to be non-toxic (FIG. 3A). The CC,,, of rottlerin
was determined to be 18.2 M and concentrations up to 1.28
uM did not decrease cell viability (FIG. 3B). All further
experiments with rottlerin were performed using a maximum
concentration of 1.25 uM. To determine the IC,, (half maxi-
mal inhibitory concentration) for both inhibitors, A549 cells
were infected for 24 hours with influenza A/WSN/33 virus at
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an MOI of 1 in the presence of increasing compound concen-
trations. Viral titers were determined by plaque assay. The
1C, for SDZ-201106 was determined to be 4.1 uM (FI1G. 3C).
This results in a selective index (SI=CC,,/ICs,) of 7, which
classifies this sodium channel opener as a weak inhibitor. The
1C4, for rottlerin was determined to be 465 nM (FIG. 3D).
With an SI of 39, this PKC inhibitor is considered to be a
moderate inhibitor. Table 3 below summarizes the CCs,, ICs,
and SI values for both inhibitors. Both compounds were then
tested at their highest, non-toxic concentrations for their
inhibitory activity against both influenza A/WSN/33 virus
and influenza B/Yamagata/88 virus (FIG. 4). In the presence
of'12.5 uM SDZ-201106 there is an 85% reduction in titers of
influenza A/WSN/33 virus compared to the untreated control
and the growth of influenza B/Yamagata/88 virus is reduced
by 72%. Compared to the untreated controls, titers of influ-
enza A/WSN/33 virus and influenza B/Yamagata/88 virus are
significantly reduced by 93% and 80%, respectively, in the
presence of 1.25 uM rottlerin.

TABLE 3

Potency of the inhibitors against influenza A virus in A549 cells

CCso [1M] * ICso [uM] * SI [CC5¢/ICsq] ©
SDZ-201106 29 4.1 7
Rottlerin 18.2 0.46 39

2 CCsp—compound concentration of 50% cytotoxicity
b IC5¢—compound concentration of 50% inhibition of viral replication
¢ SI—selective index

6.2.4 Enhancement of Influenza A and B Virus Replication
by Sodium Channel Inhibitors and PKC Activators

Identification of enhancers is preferably performed under
multi-cycle replication conditions, because the HTS assay,
which is performed with a high MOI, allows for the detection
of strong enhancers. The effects of the PKC activators PMA
and mezerein were evaluated, due to the link between PKC
activity and sodium channel regulation and the fact that PKC
inhibitors can downregulate influenza virus growth. For the
sodium channel inhibitors, in addition to phenamil, which
was identified in the screen as a potential enhancer, the effects
of arelated sodium channel inhibitor, dichlorobenzamil, were
evaluated. A549 cells were infected with influenza A/WSN/
33 virus at a low multiplicity in the presence of increasing
concentrations of each compound in order to find the most
effective concentration (data not shown). Multicycle growth
assays for influenza A/WSN/33 virus were then performed in
the presence of 400 nM 2',4'-dichlorobenzamil, 10 uM phe-
namil, 250 nM PMA or 250 nM mezerein (FIG. 5). The
growth of influenza A/WSN/33 virus was greatly enhanced in
the presence of the sodium channel inhibitors. Compared to
the untreated control, the viral titer was increased 10> fold in
the presence of 400 nM 2',4'-dichlorobenzamil and 16 fold in
the presence of 10 uM phenamil at 48 hours post infection
(FIG. 5A). In the presence of the PKC activators, the titers of
influenza A/WSN/33 virus increased 17 fold with 250 nM
mezerein and 12 fold with 250 nM PMA, compared to
untreated cells at 48 hours post infection (FIG. 5B). The
enhancing effects of these compounds on the replication of
influenza B/Yamagata/88 virus were also examined (FIG. 6).
In the presence of 400 nM 2',4'-dichlorobenzamil, the viral
titer increased 4 fold at 48 hours post infection compared to
untreated cells. With mezerein, the viral growth enhancement
is seen much earlier with an 8 fold increase at 12 and 24 hours
post infection. Therefore the growth of both influenza A and
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B viruses is enhanced by the addition of sodium channel
inhibitors and PKC activators.

Although the HTS assay of this example was performed
with a high multiplicity infection and therefore probably only
strong enhancers could be detected, which is advantageous
for, e.g., enhancing virus replication in vaccine manufactur-
ing applications, the identification of enhancers could be
optimized though the use of multi-cycle replication condi-
tions. Furthermore, compounds with enhancing activity may
be marked as false negatives if the concentration at which the
screen is performed is cytotoxic. For example, PMA was not
originally recognized in the screen as an enhancer because,
most likely, the initial concentration of PMA used in the
screen (~6 LM) was toxic.

Whether the growth-enhancing effects of these compounds
could be observed with human isolates of influenza virus that
have not been adapted to cell culture was also examined. For
this purpose, the growth of influenza A/Moscow/10/99 and
A/Wyoming/03/2003 viruses was compared in the absence
and presence of mezerein and 2',4'-dichlorobenzamil. These
viruses grew poorly in A549 cells but a significant increase in
the maximum viral titers in the presence of mezerein and
2' 4'-dichlorobenzamil compared to untreated cells was
observed (FIGS. 7A and B). Thus, the ability of these com-
pounds to boost virus replication is a property that extends to
different influenza virus strains, which will be beneficial if
used for production of influenza vaccines that change every
year. For the current egg-grown vaccines, the seed strains for
influenza A viruses are 6:2 reassortant viruses that contain the
HA and NA genes of the vaccine virus in the background of
influenza A/PR/8/34 virus. This is done to obtain high titers in
eggs and to avoid the need to adapt each new virus strain.

The same strategy is used for the H5N1 influenza vaccine
that has been approved by the FDA, with the addition that the
multibasic cleavage site present in the HA (which is associ-
ated with high pathogenicity in chickens) has been removed
(Subbarao et al., 2003; Treanor et al., 2006). The growth
properties of this HSN1/PR8 vaccine virus in A549 cells that
had been treated with 2',4'-dichlorobenzamil was examined
and the titers were increased by ~20 fold compared to in
untreated cells (FIG. 7C). A significant increase in viral titers
in the presence of 2',4'-dichlorobenzamil and mezerein (11
fold and 15 fold, respectively) was also observed when influ-
enza A/WSN/33 virus was grown in Vero cells, which is one
of the approved cell lines for vaccine production (data not
shown).

To address the question of whether there is a correlation
between the viral inhibitory or enhancing activities of these
compounds and their ability to induce or inhibit apoptosis, the
activity of caspase-3, an indicator of apoptosis induction, was
monitored. To mimic the condition of the cells at the time of
infection, A549 cells were incubated with the compounds for
6 hours and staurosporin (5 pM) was used as a positive control
to induce apoptosis. Phenamil (which enhances influenza
virus growth) showed a very slight induction (1.3 fold) of
apoptosis during this time period, whereas all the other com-
pounds did not display any significant increases or decreases
in fluorescence compared to the untreated cells, indicating the
absence of pro-apoptotic or anti-apoptotic activity (data not
shown).

The effects of 2',4'-dichlorobenzamil versus 3',4'-dichlo-
robenzamil for their ability to enhance influenza virus growth
was compared (FIG. 8). Both compounds boost influenza
virus replication above that obtained with the untreated con-
trol, but the change of a chloride from position 2 in the benzyl
group to position 3 makes it 10 times less efficient. Therefore,
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it is useful to modulate the activities of drug candidates by
making small changes to the structure of the compound.

6.2.5 Effect of Passaging Influenza Virus in the Presence of
Inhibitors

A549 cells were infected with influenza virus in the
absence or presence of the inhibitors SDZ-201106 (used at
12.5 uM) or rottlerin (used at 1.25 pM). After 24 hours, the
virus was collected. This virus was designated as passage 1
(P1) and was then used for a second round of infection and a
3rd, 47, etc. After 15 passages in the absence or presence of
SDZ-201106 or after 17 passages in the absence or presence
of rottlerin, the susceptibility of the P15 or P17 viruses to the
compounds was determined. The growth of the passaged
viruses in the presence of compound was compared to that of
unpassaged virus (titers were determined by plaque assay in
MDCK cells). No difference between the susceptibility of the
passaged viruses and unpassaged virus to either SDZ-201106
or rottlerin was observed, indicating that the virus had failed
to develop resistance (FIGS. 9A and 9B, respectively).

6.3 DISCUSSION

An influenza pandemic caused by a virus of avian origin
could not only have the potential to cause millions of deaths
worldwide but could also aftect the poultry industry which is
crucial for the production of egg-derived vaccines. The pri-
mary concerns that need to be addressed in preparation for the
next influenza epidemic or pandemic are the abilities of the
manufacturers to produce enough doses of vaccine for the
susceptible population and the availability of more antiviral
compounds that are effective at preventing influenza virus
infection. In the luciferase-based, high-throughput screen of
2640 compounds with known biological activity described in
this example, 84 unique compounds with at least 70% reduc-
tion in luciferase activity and 4 compounds that increased
luciferase activity at least 2 fold have been identified. The
results of the experiments presented in this example support
the rationale that compounds found to suppress influenza
virus replication are potential anti-influenza virus drugs,
whereas those that enhance influenza replication could be
used as a tool to boost the growth of vaccine viruses in tissue
culture. Moreover, because the biological targets of these
compounds are known, it also provides clues as to which
cellular pathways and components are crucial for influenza
virus replication. In some respects, the use of antiviral drugs
that target cellular proteins is an advantage over the current
drugs that target viral proteins and against which resistance is
far more likely to develop. Of particular interest was the
finding that sodium channel inhibitors and a sodium channel
opener had opposing effects on viral replication. By adding
2' 4'-dichlorobenzamil, an amiloride-analogue that inhibits
epithelial Na* channels (ENaC) and Na’/Ca*? exchange
channels (Kleyman and Cragoe, 1988), viral replication of
influenza A/WSN/33 virus was enhanced 10° fold. In direct
contrast, using the sodium channel opener SDZ-201106 at
non-toxic concentrations, the titers of influenza A/WSN/33
virus could be decreased by 85%. The effects of these com-
pounds on influenza B virus replication were less dramatic (4
fold increase with 2',4'-dichlorobenzamil and 72% decrease
with SDZ-201106), but the overall trend was similar, suggest-
ing that the cellular pathways affected by these compounds
are important for both influenza A and B viruses. The fact that
influenza virus has been shown to inhibit amiloride-sensitive
sodium channels upon infection (Chen et al., 2004; Kunzel-
mann et al., 2000) suggests that through doing so, the virus
creates a cellular environment that is conducive to viral rep-
lication. Itis therefore likely that the addition of chemical Na*
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channel inhibitors (such as phenamil or 2'.4'-dichloroben-
zamil) prior to infection creates pre-optimized conditions and
thereby boosts virus replication.

Finally, it was shown that after 15 or 17 passages of influ-
enza virus in the presence of the sodium channel opener
SDZ-201106 or rottlerin, respectively, the emergence of
resistant viruses was not observed. This indicates that resis-
tance is less likely to develop if the inhibitory drug targets a
cellular protein.

Without being bound by any theory, the data presented in
this example indicate that an increase in the intracellular Na*
concentration caused by opening the sodium channels leads
to a decline in influenza virus titers, whereas a decreased
intracellular Na* concentration caused by the inhibition of
sodium channels can boost viral replication. Another possi-
bility is that, because the different intracellular ion currents
are tightly linked to one another, there may be a contribution
of Ca2* to these effects, due to regulation of the Na*/Ca2*
exchange channel. Although many compounds can target
more than one type of channel, several of the amiloride ana-
logues have more potent activity against a specific channel. In
this example, 2', 4'-dichlorobenzamil shows slightly stronger
pro-viral activity than phenamil. A comparison of their
reported potencies against ENaC or the Na*/Ca2" exchange
channel indicates that phenamil is more specific for ENaC
while 2',4'-dichlorobenzamil is more specific for the Na*/
Ca2* exchange channel (Kleyman and Cragoe, 1988).
Another amiloride analogue, 3',4'-dichlorobenzamil, is, com-
pared with 2',4'-dichlorobenzamil, less effective at enhancing
virus replication and has less potent activity against the Na*/
Ca2* exchange channel than 2',4'-dichlorobenzamil (Kley-
man and Cragoe, 1988). Therefore, again without wishing to
be bound by any theory of the inhibitors’ mechanisms of
action, it appears that the ability to enhance the growth of
influenza virus correlates with the strength of inhibition of the
Na*/Ca2" exchange channel.

In contrast to findings presented herein, amiloride deriva-
tives have been reported to inhibit the replication of several
RNA viruses such as human immunodeficiency virus (HIV-1)
(Ewart et al., 2004), human rhinovirus (Gazina et al., 2005),
coxsackievirus (Harrison et al., 2008) and coronaviruses
(Stevens et al., 2006). For HIV-1 (Ewart et al., 2002), coro-
naviruses, hepatitis C virus (Premkumar et al., 2004) and
dengue virus (Premkumar et al., 2005). These compounds
have been shown to act by inhibiting the formation of the viral
ion channel. There is no evidence that the influenza virus M2
ion channel activity is adversely affected by amilorides and
the results presented herein show that for influenza virus,
these compounds have a pro-viral effect.

The data presented herein demonstrate that influenza rep-
lication is inhibited in the presence of a PKC inhibitor (rot-
tlerin) but, conversely, is enhanced in the presence of a PKC
activator (PMA or mezerein). Without being bound by any
theory, it appears that there is a connection between the acti-
vation status of PKC and the transport of Na* and that influ-
enza virus replication favors the presence of activated PKC
and a low intracellular Na* concentration.

This example further demonstrates that the Na*/K*/AT-
Pase pump inhibitors, ouabain and lanatoside C, inhibit the
replication of influenza virus, NDV and VSV, representatives
of three different RNA virus families. This data indicates that
these cardioactive glycosides have antiviral activity for nega-
tive-sense, single-stranded RNA viruses. Through the use of
Vero cells, it has been determined that these compounds do
not act by inducing interferon, as the same degree of virus
inhibition was observed in these cells as seen in A549 cells.
Another common feature shared by these viruses is that they
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all possess a lipid envelope, however data on ouabain-medi-
ated inhibition of HSV-1 indicates that it acts at a post-entry
stage of the viral life cycle (Dodson et al., 2007). The main
function of the Na*/K*/ATPase pump is to pump Na* out of
the cell and K* into the cell to maintain the cell potential as a
driving force for several membrane transport proteins (e.g.
the Na*-glucose symporter, the Na*-amino acid symporter or
the Na*-hydrogen antiporter). This gradient is also important
for the removal of Ca** by the Na*/Ca** exchange channel.
Thus, in the presence of an inhibitor such as ouabain, there is
an increase in the intracellular Na* concentration as well as
the Ca®* concentration and this is probably similar to the
effects of a sodium channel opener such as SDZ-201106,
which also inhibits influenza virus replication.

This example has shown that influenza viruses are sensitive
to changes in intracellular ion concentrations and this may be
a suitable target for novel antiviral drugs. Similarly, knowl-
edge ofthese crucial factors that are required for optimal virus
growth may be used to boost virus production. This technol-
ogy could be used for the production of influenza virus vac-
cines which will most likely make the transition to in vitro
culture systems in the near future. As a demonstration of this
potential application, which would require activity for a wide
range of influenza viruses, the enhancing compounds identi-
fied in the study were shown to boost the replication of dif-
ferent influenza A viruses, influenza B virus, and the FDA-
approved H5N1 vaccine virus strain.
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7. EXAMPLE

Identification of Inhibitors in a Screen of
Approximately 73,000 Compounds

In a second HTS assay, using the same Materials and
Methods as used in Section 6.1 supra (unless otherwise indi-
cated), approximately 73,000 compounds were screened of
which 61,174 were compounds of commercial library plates
with unknown biological properties. The commercial librar-
ies screened included Asinex 1-—(12,378 compounds
screened out of 12,378) by ASINEX, Winston-Salem, N.C.;
ChemDiv 3—(1,760 compounds screened out of 16,544) by
ChemDiv Inc., San Diego, Calif.; ChemDiv 4—(14,677 com-
pounds screened out of 14,677) by ChemDiv Inc., San Diego,
Calif.; ChemDiv 5—(1,249 compounds screened out of
1,249) by ChemDiv Inc., San Diego, Calif.; ENAMINE
2—(352 compounds screened out of 26,576) by ENAMINE
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Ltd., Kiev, Ukraine; Maybridge 4—(4,576 compounds
screened out of 4,576) by Maybridge Ltd., Trevillet, UK;
Maybridge 5—(3,212 compounds screened out of 3,212) by
Maybridge Ltd., Trevillet, UK; ActiMol TimTec 1—(8,517
compounds screened out of 8,517) by TimTec Inc., Newark,
Del.; ChemBridge 3—(10,560 compounds screened out of
10,560) by ChemBridge Corp., San Diego, Calif;
LifeChemicals 1—(3,893 compounds screened out of 3,893)
by LifeChemicals Inc., Burlington, Canada. 146 compounds
met the criteria of at least a 90% reduction in luminescence
signal and were defined as a hit.

The cytotoxicity of each compound was determined for a
24 hour period in A549 cells in a concentration range from
0.1-300 uM. For further tissue culture studies, the individual
compound concentration never exceeded the CC, . The CC,
is the concentration of 10% cytotoxicity (in other words the
concentration with 90% cell viability compared to untreated
cells).

To wvalidate the inhibitory potential of the compounds,
A549 cells were pretreated for 4-6 hours at increasing con-
centrations of each compound. Subsequently, the cells were
infected with influenza A virus at an MOI of 1 and incubated
for another 20-24 hours. The compounds were present
throughout the course of infection. Viral replication and
release of viral particles was determined by hemagglutination
assays using 0.5% chicken red blood cells. A compound was
followed up further if it reduced viral replication by at least 2
wells of HA, which equals about a 75% reduction in viral
titers. Two additional criteria used were that the 1Cs,, (half
maximal inhibitory concentration) was below 10 uM and that
the SI, the selective index (CC;,/ICs,), was above 10. 18
compounds able to inhibit influenza A virus replication in
A549 cells at non-cytotoxic concentrations were identified.

All compounds were further tested for their effect on the
other negative-sense, single-stranded RNA viruses influenza
B virus, NDV and VSV (FIGS. 13 and 14). The cytotoxicity
of'the compounds was also determined in different cell lines
(MDCK, MEF, 293T, HUH 7.5, Detroit, HTBE) and their
effect on viral replication was determined.

The following assays were performed to narrow down the
site of action for each compound. In particular, entry assay
studies were performed. RNA replication and transcription
were also measured, using influenza virus mini-genome
assays as described in Pleschka et al., 1996, “A plasmid-based
reverse genetics system for influenza A virus,” J. Virol.
70:4188-92. Such mini-genome assays enable the identifica-
tion of inhibitors of the viral polymerase or inhibitors of
cellular proteins that are involved in viral replication, trans-
lation and RNA trafficking. The compounds were also tested
in kinetic studies in which they were added prior to and post
infection at different times and virus growth was assayed
using a plaque assay.

Three lead compounds which display high potency in
inhibiting viral replication in A549 cells and primary lung
cells, such as human tracheobronchial epithelial (HTBE)
cells, were identified. As shown in Table 4 below, the ability
of three compounds, 2-(5-(2,3-dimethyl-1H-indol-5-y1)-1,3,
4-oxadiazol-2-ylthio)-1-(pyrrolidin-1-yl)ethanone (“A3”);
4-(4-bromophenyl)-N-methyl-N-(tetrahydro-1,1-dioxido-3-
thienyl)-2-thiazolamine (“A35”); and 9-(benzo[d][1,3]di-
oxol-5-yl)-4-hydroxy-6,7-dimethoxynaphtho| 2,3-c|furan-1
(3H)-one (“C2”) to inhibit influenza viruses A and B (“FluA”
and “FluB,” respectively) was tested in different cell types.
Cells were infected at an MOI of 1 and viral titers were
determined 24 hours post-infection.
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TABLE 4
inhibition inhibition
compound CCsp ICso SI of FluA of FluB
A3 268 UM (A549) 0.54 pM (A549)* 496 (A549) 97% (A549)* 94% (A549)*
>100 uM (MDCK) 0.82 pM (MDCK)** >122 (MDCK) ~99.6% (MDCK)**
>100 uM  (MEF) 3.6 uM (MEF)** >28 (MEF) ~91.2% (MEF)**
108 pM (HTBE) 0.042 pM (HTBE)* 2571 (HTBE) 99.99% (HTBE)*
A35 110 pM (A549) 2.1 uM (A349)* 53 (A549) 99.988% (A549)* 63% (A549)*
26.8 uM (MDCK) 391 pM (MDCK)** 7 (MDCK) ~75% (MDCK)**
96.6 UM (MEF) 2.64 pM (MEF)** 37 (MEF) ~99.6% (MEF)**
29.3 uM (293T) 6.2 M (293T)** 5 (293T) ~50% (293T)**
79.7 WM (Detroit) 2.07 uM (Detroit)** 39 (Detroit) ~95.6% (Detroit)**
59 uM (HUH7.5) 3.97 yM (HUH7.5)** 15 (HUH7.5) ~98.4% (HUH7.5)**
119 yM (HTBE) 1.98 uM (HTBE)* 60 (HTBE) 99.98% (HTBE)*
Cc2 131 pM (A549) 1.6 M (A549)** 82 (A549) 94.7% (A549)* 63% (A549)*
0.67 uM (MDCK) 0.15 pM  (MDCK)** 4 (MDCK) ~87.5% (MDCK)**
4.85 M (MEF) 0.34 pM (MEF)** 14 (MEF) ~96% (MEF)**
20.6 uM (HTBE) 0.059 yM (HTBE)* 349 (HTBE) 99.96% (HTBE)*

*viral titer determined by plaque assay
**yiral titer determined by HA assay

20
Lead compound A3 was identified in a screen of the Asinex when A35 was added prior to infection or even up to 4 hours
1 source library (12,378 compounds; ASINEX, Winston-Sa- post infection, inhibition of viral replication was unaltered (4
lem, N.C., USA). In kinetic studies using A549 cells infected logs; FIG. 11). Thus, A35 is likely to target a crucial step in the
with influenza strain WSN (MOI=1), A3 was found to inhibit viral life cycle. Without being bound by any theory, these
viral replication by approximately 2 logs when added 2 hours 25 experiments suggest that A35 affects RNA trafficking and/or
prior to infection and by 1 log when added up to 2 hours post packaging. At a concentration of 11.2 uM, A35 inhibits influ-
infection (FIG. 10). In studies using an influenza virus mini- enza A virus with high specificity, but has a less significant
genome reporter construct, A3 was found to inhibit viral RNA inhibition of influenza B virus (FIG. 13), NDV (FIG. 14A)
polymerase activity by up to 99% at 10 uM, whereas ribavi- and VSV (FIG. 14B).
rin, a known polymerase inhibitor, was found to inhibit only 39  Lead compound C2 was identified in a screen of the Chem-
90% of the activity at 100 uM (FIG. 15). A3 was tested in dose Div 4 source library (14,677 compounds; ChemDiv Inc., San
response experiments and at all A3 concentrations (0.4-30 Diego, Calif., USA). C2, at a concentration of 2 uM, was
uM), the overall host cell replication machinery was not found to potently inhibit influenza virus replication in HTBE
affected as monitored by the expression of a renilla luciferase cells by up to 3.5 logs. The IC, of C2 in HTBE cells was
35

control plasmid (FIG. 16). In viral entry assays performed, A3
did not inhibit viral entry. A3, at a concentration of 10 uM,
was found to inhibit influenza A viruses and influenza B
viruses similarly (see, e.g., Table 4). As shown in FIG. 13, A3
inhibited the growth of influenza B virus in A549 cells by
about 1.5 logs (FIG. 13). The IC, of A3 in HTBE cells was
found to be 42 nM and the SI was measured as 2571.

Lead compound A35 was identified in a screen of the
Asinex 1 source library (12,378 compounds; ASINEX, Win-
ston-Salem, N.C., USA). A35 was found to be highly potent
in a variety of different cell lines with an inhibition of influ-
enza virus replication of up to 4 logs (in A549 and HTBE
cells). In viral entry assay studies performed, A35 did not
affect the entry step of influenza virus. In kinetic studies using
AS549 cells infected with influenza strain WSN (MOI=1),
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determined to be 59 nM and the SI was found to be approxi-
mately 350. Inkinetic studies, addition of C2 to infected cells
at 1 hour post infection did not affect the course of infection
(FI1G.12). In viral entry assay studies performed, it was found
that entry of influenza virus and VSV, which both enter the
cell by endocytosis, was inhibited in the presence of C2
whereas entry of the retrovirus MLV, which fuses with the
plasma membrane, was unaffected. Therefore, without being
bound by any theory, it appears that C2 targets an early step in
the viral life cycle, the endocytosis of the viral particles.

For two compounds, A3 and A35, a number of their deriva-
tives were tested for cytotoxicity and inhibition of viral rep-
lication in order to identify related structures that can be used
as inhibitors of viral replication. The results from these
experiments are shown in Table 5 below.

TABLE 5
CCho CCsp ICs, SI Inhibition
Name Structure (A549)  (A549) (A549)  (A549)  of FluA
A35 Br 112uM  110pM 2.1 pM* 53 99.99%*

5

S
O// \\O
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TABLE 5-continued

cCy, CCsy ICsp SI Inhibition
Name Structure (AS49)  (AS549) (AS49)  (A549)  of FluA
A35-1 O,N 10.8 M 201 uM  3.24 pM** 62 ~75%**
N/
B ~
S
A35-2 12.2 yM 148 uM n/a na none**
N/
B
S
I\
4
o O
A35-3 Cl 11.4 M 164.8 uM n/a n/a none**
N
| \}NHZ
S
A3S54 Cl 6 1M 30 pM 6 pM* 5 ~500%*
N\
D
S
OH
A35-5 Br. 17.8 M 2424 M 12.3 pM** 20 ~65%**
N/
D
s\
A3 38 M 268 UM 0.54 pM* 496 99.2%*
/ N—N
)\ S
HN Y
O
N,
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TABLE 5-continued

CCpo CCsq ICs ST Inhibition
Name Structure (A549)  (A549) (A549)  (A549)  of FluA
A3-1 }\I—I\\I 17.3uM 316 uM n/a n/a ~29%**
)\ S
¢}
0,8
/ 0
EpN
@
A3-2 20uM  198.5uM 1.2 pM** >165 ~97%**
7 N—N
)\ S
HN O
O¥
<N7
A3-3 8.5 M 65uM 8.5 uM** 8 ~50%**
7 N—N
)\ S
HN O
O¥
@Nj
A3-4 107pM  17.7uM  1.65 pM** 11 ~87.5%%*
7 N—N
)\ S
HN O
0
A3-5 102pM 2568 M 0.5uM** 514 ~97%**
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TABLE 5-continued

CCho CCs ICso SI Inhibition
Name Structure (A549)  (A549) (A549)  (A549)  of FluA
A3-6 182pyM  179pM 098 uM** 180 ~87.5%%*
. N—N

3
.

—N 152yM  134M n/a wa ~29%%*

N

O

s
[
N
'z,

o

A3-8 N—N 11.8 uM  249.8 uM n/a n/a none**

~

A3-9 N—N 10.9 pM 197 uM n/a n/a ~29%%*

A3-11 N—N 32.6 M 248.8 uM n/a na none**
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TABLE 5-continued
CCyo CCsq 1Cso SI Inhibition
Name Structure (A549) (A549) (A549) (A549) of FluA
A3-12 N—N 1.5 uM 186 pM. n/a na ~29%**
[\ )\S
N O
—
O
@
*-determined by plaque assay;
**_determined by HA assay;
n/a-not available
8. EQUIVALENTS 20 or a pharmaceutically acceptable salt, hydrate, solvate,

Those skilled in the art will recognize or be able to ascer-
tain, using no more than routine experimentation, many
equivalents to the specific embodiments of the invention
described herein. Such equivalents are intended to be encom-
passed by the following claims.

All references cited herein are incorporated herein by ref-
erence in their entirety and for all purposes to the same extent
as if each individual publication or patent or patent applica-
tion was specifically and individually indicated to be incor-
porated by reference in its entirety for all purposes.

The present invention is not to be limited in scope by the
specific embodiments described herein. Indeed, various
modifications of the invention in addition to those described
herein will become apparent to those skilled in the art from
the foregoing description and accompanying figures. Such
modifications are intended to fall within the scope of the
appended claims.

What is claimed:

1. A method of inhibiting replication of a negative-sense,
single-stranded RNA virus in an animal subject, or prevent-
ing, treating or managing an influenza virus infection com-
prising administering to an animal subject in need thereof an
effective amount of a compound with the formula

("A3-G")
Rl
\
p i e
) A~

25

50

prodrug or stereoisomer thereof, wherein:

R! and R? are at each occurrence independently a C,-C,
alkyl group; or

R!and R?, together with the nitrogen atom R* and R* are
bound to, form a 3 to 8 membered saturated hetero-
cyclic ring.

2. The method of claim 1, wherein the compound is 2-(5-
(2,3-dimethyl-1H-indol-5-y1)-1,3,4-oxadiazol-2-ylthio)-1-
(pyrrolidin-1-yl)ethanone (“A3”); 2-(5-(2,3-dimethyl-1H-in-
dol-5-yl1-1,3 ,4-oxadiazol-2-ylthio-N,N-diethylacetamide
(“A3-2"); 2-(5-(2,3-dimethyl-1H-indol-5-y1)-1,3,4-oxadia-
zol-2-ylthio)-1-(indolin-1-yl)ethanone (“A3-3"); 2-(5-(2,3-
dimethyl-1H-indol-5-y1)-1,3,4-oxadiazol-2-ylthio)-N,N-di-
isopropylacetamide (“A3-4”); 2-(5-(2,3-dimethyl-1H-indol-
5-y1)-1,3,4-oxadiazol-2-ylthio)-1-morpholinoethanone
(“A3-57); or 1-(azepan-1-yl)-2-(5-(2,3-dimethyl-1H-indol-
5-y1)-1,3,4-oxadiazol-2-ylthio)ethanone (“A3-6).

3. The method of claim 2, wherein the compound is 2-(5-
(2,3-dimethyl-1H-indol-5-y1)-1,3,4-oxadiazol-2-ylthio)-1-
(pyrrolidin-1-yl)ethanone (“A3”).

4. The method of claim 1, wherein the negative-sense,
single-stranded RNA virus is a paramyxovirus or orthomyx-
ovirus.

5. The method of claim 1, wherein the negative-sense,
single-stranded RNA virus is influenza virus, NDV, VSV, or
Sendai virus.

6. The method of claim 1, wherein the animal subject is a
human subject.
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